Exploring Anomalous Charge Storage in Anode Materials for Next-
Generation Li Rechargeable Batteries

Hyunwoo Kim," Woosung Choi,’ Jaesang Yoon," Ji Hyun Um, Wontae Lee,’ Jaeyeong Kim,’
Jordi Cabana* and Won-Sub Yoon™'

YDepartment of Energy Science, Sungkyunkwan University, Suwon 16419, South Korea

tDepartment of Chemistry, University of Illinois at Chicago, Chicago, IL, 60607, USA

* Corresponding author:

E-mail: wsyoon@skku.edu; Postal Address: Prof. Won-Sub Yoon, Department of Energy
Science, Sungkyunkwan University. Natural Sciences Campus, 2066, Seobu-ro, Jangan-gu,

Suwon-si, Gyeonggi-do, Korea (16419)



ABSTRACT

To advance current Li rechargeable batteries further, tremendous emphasis has been made
on the development of anode materials with higher capacities than the widely commercialized
graphite. Some of these anode materials exhibit capacities above the theoretical value
predicted based on conventional mechanisms of Li storage, namely insertion, alloying and
conversion. In addition, in contrast to conventional observations of loss upon cycling, the
capacity has been found to increase during repeated cycling in a significant number of cases.
As the internal environment in the battery is very complicated and constantly changing, these
abnormal charge storage behaviors are caused by diverse reactions. In this review, we will
introduce our current understanding of reported reactions accounting for anode capacities
exceeding theoretical values. It includes formation/decomposition of electrolyte-derived
surface layer, the possibility of additional storage of charge at sharp interfaces between
electronic and ionic sinks, redox reactions of Li-containing species, and unconventional
activity occurring at structural defects. We will also discuss how the changes in the anode can
induce capacity increase upon cycling. With this knowledge, new insights into possible
strategies to effectively and sustainably utilize these abnormal charge storage mechanisms to

produce vertical leaps in performance of anode materials will be laid out.



1. INTRODUCTION

With constantly growing concerns over the environment and resource sustainability,
market demands are pushing the current energy storage technology to much higher levels of
performance to fulfill the stringent requirements for devices consuming even greater energy
than modern electronics, such as cars or the electricity grid. Li-ion batteries (LIBs) are the
most commonly used energy storage devices due to their superior advantages resulting from
the unique beneficial properties of Li. As Li has the lowest reduction potential of any element
and is the lightest metallic element with small ionic radius, LIBs demonstrate high operating
potential and energy/power density. For these reasons, over the past two decades, LIBs have
unquestionably conquered the market of energy storage for numerous applications. Li
rechargeable batteries were first designed by Whittinghamin 1976, using TiS; as cathode and
Li metal as anode.! However, motivated by serious safety hazards induced by undesirable Li
metal dendrite formation on the anode, Yoshino et al. adopted layered LiCoO> as cathode and
graphite as anode in 1987.2 Then, LIBs with those materials were first commercialized by
Sony in 1991. Until now, carbonaceous materials are used as the standard commercial anode
owing to their low-cost and favorable safety features, while various kinds of cathode
materials are utilized depending on the purpose of the battery.

Carbonaceous materials can theoretically deliver a capacity of 372 mAh g™ based on the
reversible Li intercalation to form LiCe (Li" + e~ + Cg <> LiCs). To bring Li storage capacity
close to the expected value, considerable efforts have been made in controlling morphology
(size, shape, pore size, etc.) and crystallinity (amorphous carbon, crystalline graphite). There
are several reports announcing the improved electrochemical performance by surface
modification,® disordered hard carbon,*’ nanofiber®’ or meso-carbon micro beads,® etc. As

the capacity of carbonaceous materials is still not satisfactory for demanding applications like



electric vehicles, various anode materials have been extensively investigated as an alternative
to overcome current capacity limitations. Representative examples are materials based on
conversion or alloying reactions, such as pure metals, metal oxides or other chalcogenides,
which exhibit 2—-10 times higher capacity compared to the theoretical capacity of graphite.” !4
However, the reactions of these materials are quite slow and accompanied by a drastic
volume change (sometimes expanding up to 300%), which causes progressive cracking,
pulverization of the particles and eventually, induces loss of contact between them.!>!® To
overcome such drawbacks, modern anode materials are tailored at the nanoscale to shorten Li
diffusion pathways and buffer volume changes during the electrochemical reactions.!*%°
Interestingly, some nanoscale engineered transition metal compounds exhibit abnormally
high capacity, over the theoretical value based on conventional mechanisms, namely insertion,
alloying and conversion reactions.?®* Furthermore, in certain conditions, another unusual

30-35 a5 opposed to the expected

behavior takes place: an increase in capacity during cycling,
loss due to fatigue. This phenomenon will be named “negative fading” as a contrast with
capacity fading in this review. While extensively observed at this stage in time, the origin of
these abnormal phenomena has not been clearly identified because they arise from more
complex reactions related to not only the bulk of the active materials but also interfaces and
electrolyte components, which are highly localized and confined in space, increasing
chemical complexity. As a result, most of the specific reaction mechanisms are still the object
of continued debate. It is often believed that the LIB concept is approaching ite limits,
especially in terms of energy density suggesting, the need for so-called “beyond LIB”
systems like metal-air and metal-sulfur. However, the close examination of LIBs suggests
that it is not the limitation of the concept itself but the limitation of the specific electrode

chemistries in it. Consequently, exploring novel electrode materials with new storage

mechanisms will give us an opportunity to overcome the current performance limitations.



In this review, we first focus on our understanding of the proposed reactions accounting for
extra capacity, and the changes in cell environment that result in capacity increase upon
cycling. We then present emerging strategies to effectively and sustainably utilize these novel
storage mechanisms. Thus, we expect that this review will provide guidance for developing
high-performance electrode materials for next-generation LIBs breaking current barriers in

energy density and durability.



2. OVERVIEW ON ABNORMAL CHARGE STORAGE BEHAVIORS
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Figure 1. Sketch of two types of abnormal charge storage phenomena in anode materials, extra

capacity and negative fading, and proposed origins.

Traditionally, reactions of Li storage in electrode materials are classified into three
mechanisms: insertion (or intercalation), alloying and conversion. Lithiation in electrodes
based on insertion reactions occurs into available crystallographic sites within their crystal
structure (MaXp + nLi* + ne” <> LinMaXs). Since the crystal framework is not destroyed or

severely re-arranged during the insertion reaction, the reversibility of the reaction is high and,

as a result, the cycling performance is relatively stable. However, a low density of active sites
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limits the capacity. In alloying reactions, Li can be accommodated with formation of a Li.M
alloy (M +nLi" + ne” <> LinM), where n depends on the specific M and can be very high (i.e.,
n>1). Lastly, metal compounds, M.Xp, undergo conversion reactions during lithiation, with
formation of metal nanoparticles and LinX (MaXp + (b-n)Li" + (b'n)e” <> aM + bLixX). When
their reaction mechanism is known, the theoretical capacity of electrode materials can be
calculated. For example, the theoretical capacity of TiOz is 335 mAh g! for 1 mol equivalents
of Li insertion (TiO> + Li* + ¢ <> LiTiO2), while that of MnO, is 1233 mAh g based on
conversion reaction (MnO; + 4Li" + 4¢” <> Mn + 2Li,0).

However, numerous reports have shown that the reversible capacity of various electrode
materials can exceed their theoretical value based on the above reactions. The excess amount
over the theoretical value is generally described as extra capacity, or capacity from abnormal
charge storage. The observed reversible capacity and theoretical value of anode materials that
are reported to exhibit this unusual phenomenon in recent work are summarized in Table 1,
together with proposed origins for the additional capacity. With the contribution of extra
capacity, values above 1000 mAh g™!' can be reversibly delivered in many different materials,
even as high as 1500 mAh g in some cases. In addition, some electrode materials exhibit
more than twice their theoretical value. These results clearly demonstrate that there are
additional charge storage reactions beyond the three general mechanisms above.

In 2002, Laruelle et al. observed high extra capacity in transition metal oxides undergoing
conversion reactions. They ascribed the extra capacity to be originated from the formation
and decomposition of surface polymeric/gel-like film (PGF) from electrolyte
decomposition.*® Since then, this mechanism has been widely considered as a reason for extra
capacity. Nonetheless, numerous efforts have been made to further pinpoint the specific
reasons for the abnormally high capacity. As described in Figure 1, the extra capacity is

generally delivered at very low potentials, after the conventional reaction in the bulk is
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finished. At these stages, the system is notably more complicated than at the start due to
changes in the electrode and electrolyte, induced by extensive lithiation. As analytical science
and technology advances, real-time observation of dynamic changes of the electrode material
in LIBs and element-specific observation on target species in the material have become
possible.’’° The sophisticated investigation of a complex system that consists of surface
layer derived from electrolyte decomposition, nanoparticles induced by electrochemical
reactions and the electrolyte unveiled various new paradigms of charge storage. To date,
formation/decomposition of electrolyte-derived surface layer, interfacial charge storage, and
redox reaction of compounds like LiOH are most widely cited to explain the extra capacity.
Furthermore, other reactions such as contribution of defects, surface reactions, and redox
reactions of other Li-containing species have been proposed. A detailed description of the
proposed working mechanisms leading to abnormal charge storage reactions is provided in
sections 3.1-3.4. Given the value of achieving ever increasing capacity at low potential, a
complete understanding of additional charge storage reactions is required for developing
electrode materials where these capabilities are employed in the most efficient and
sustainable manner, thus going beyond the current limitations of LIB technology in addition
to exploring novel electrochemical reactivity. Table 1 also exemplifies cases where capacity
increase has been observed after extended cycling. The changes generating the new

environments within electrode affecting negative fading will be discussed in section 3.5.



Table 1. Theoretical value and actual charge storage capacity at the first charge and at the prolonged cycle in various anode materials exhibiting extra
capacity, with suggested origins of additional capacity

Theoretical Reversible capacity Long-term cycle
capacity (1% charge) Origin of additional capacity behavior

(cycle, current (A g1))

- Electrolyte-derived surface layer

th th
Hollow mesoporous Co(PO3)2@Carbon Polyhedra 600 696 - Reduction of LixCOs in SEI layer 517 (50™, 0.2), 601 (500™, 1) 40
Recticulate dual-nanowire aerogel (carbon - Electrolyte-derived surface layer h 41
nanotube (CNT) /FeSz) 894 1000 - Double-layer capacitance 1031 (100%, 0.1)

Rice-panicle-like y-Fe2O3@C nanofibers 1005 1414 - Electrolyte-derived surface layer 1827 (50™, 2) 42
Fe2.76Sn0.2404/1GO 905 or 1019 1150 - Electrolyte-derived surface layer 1428 (100™, 0.2) 43
Co0304/C nanofibers 890 922 - Electrolyte-derived surface layer 1491.5 (180, 0.2) 44
Porous MnCOs3 466 1190 - Electrolyte-derived surface layer 783 (200™, 0.5) 45
Graphene-wrapped porous MnCO3 466 1735 - surface absorption 1168 (200™, 0.5)

a-Fe203 nanocrystals 1007 1054 - Electrolyte-derived surface layer 1160 (300™, 1) 46
Li2MnOs-CNTs composite 917 1006 - Electrolyte-derived surface layer 930.3 (50™, 0.1) 47

- Interfacial charge storage
Porous yolk-shell ZnCo204 spheres 900 1171 - Electrolyte-derived surface layer 1214.5 (100%™, 0.2) 48
- Electrolyte-derived surface layer

; ; th

NiCo204 nanoparticles 890 1144 _ Interfacial charge storage 661 (500™, 0.5) 49

Hollow porous A-MnO: 1233 1400 - Electrolyte-derived surface layer 1050 (50, 0.2) 50
- Interfacial charge storage

SiOx/Fe304 (FexSiy) heterojunction nanoparticles >926 940 - Electrolyte-derived surface layer 1357.2 (550", 1) 51
- Electrolyte-derived surface layer

Porous Fe3Os/carbon microspheres 926 999 - Interfacial charge storage 1317 (130™, 0.1) 52
- Redox reaction of LiOH

Porous MoOz-Cu/C/Grgphene nano-octahedrons 338 938 - Electrolyte-derlved surface layer 1114.8 (100", 0.1 53

quadruple nanocomposites - Interfacial charge storage

Nanostructured o-Fe>O; 1007 851 - Electrolyte-derived surface layer 1239.2 (5001, 1) 54
- Interfacial charge storage

MnO-doped Fes04@C 924 939 - Electrolyte-derived surface layer 1297.5 200", 0.2) 55
- Interfacial charge storage
- Electrolyte-derived surface layer h

MoOs nanosheets on graphene 1117 1548 - Redox reaction of Li2CO3 15735% ((51% 0’031'015 )0 ) 56
- Redox reaction of LiOH ’

Mesoporous RuO> 807 1130 - Interfacial charge storage 57

FesOs@polyaniline yolk-shell micro/nanospheres 926 1182 - Electrolyte-derived surface layer 982 (50, 0.1) 58

MnO/C Hybrids 756 1165 - Electrolyte-derived surface layer 1120 (50™, 0.3) 59




Theoretical Reversible capacity Long-term cycle

capacity (1% charge) Origin of additional capacity behavior
(mAh g) (mAh g) (cycle, current (A g™))

- Oxidation to high valence Mn
Ultrathin layered Co(Ac)oas(OH)1.52-0.55H20 462 1216 - Redox reaction of LiOH, LiAc 1050 (200, 1), 780 (300, 1) 60
anchored to graphene nanosheets
Fe3S4 nanoparticles wrapped in an reduced . h th 61
araphene oxide (rGO) matrix 725 916 - Electrolyte-derived surface layer 950 (100™, 0.1), 720 (800%™, 1)
Nanocrystalline NiFe2O4, 916 1190 - Electrolyte-derived surface layer 786 (100%™, 0.5) 62
Fe304 on defective rGO 922 1045 - Defects on rGO 240 (1000™, 2.5) 63
RGO-MnO-RGO sandwich nanostructures 756 658 - Oxidation to high valence Mn 1116 (200t 1), 947 (500™, 5) 64
Hierarchical MnO nanorods/carbon 756 884 - Electrolyte-derived surface layer 667 (500™, 0.5), 300 (3000, 4) 65
Graphene-mimicking 2D porous Co304 nanofoils 890 1007 - Electrolyte-derived surface layer 1279.2 (50, 0.089) 66

- Electrolyte-derived surface layer th
Hollow-porous a-Fe2O3 1005 1125 - Reversible redox reaction of Li>COs 1150 (1000™, 1) 67
v-Fe20s3 nanoparticles 1008 1100 - Electrolyte-derived surface layer 1370 (50, 0.05) 68
CoO—graphene hydrogel 715 980 - Electrolyte-derived surface layer 1010 (100™, 0.1) 69
SnO; nanospheres on rGO 1494 900 - Electrolyte-derived surface layer 1335 (500, 0.5) 70

- Interfacial charge storage

820 (250™, 0.2)
Co@Co0304/CNTs nanocomposite 890 747 - Interfacial charge storage 760 (350, 1) 71
529 (600, 2)
. . . 1405 (500™, 0.2)
- - ’ 72

NiCo-NiCo204@CNTs 890 800 Interfacial charge storage 1324 (1000%, 0.5)
Fe203-carbon fiber composites 607 938 - Interfacial charge storage 634 (150™0.05) 73
Graphene nanosheets@NiCo0204 890 928 - Interfacial charge storage 1024 (200%™, 0.5), 648 (200™, 3) 74
C030s nanofibers@rGO 871 1105 - Electrolyte-derived surface layer 1371 (200, 1, 615 (600™, 4) 75

- Interfacial charge storage

- Electrolyte-derived surface layer
ZnMn204 with different porous architectures 784 870 - Interfacial charge storage 1600 (100™, 0.1) 76
- Oxidation to high valence Mn

- Electrolyte-derived surface layer

1 - 1 7 th . 77
Mn3O4/nitrogen-doped porous carbon fiber hybrids 937 1058 - Interfacial charge storage 840(500™, 0.3)
o-Fe203 nanorods 1007 1019 - Electrolyte-derived surface layer 728(2000%, 0.332) 78
- Interfacial charge storage
Fe203 nanoparticles confined in CNTs 1007 1143 : Fn]teecrtft:c]iyatle ;izrrw:gtzlgfice layer 79
Fe203 nanoparticles coated on CNTs 1092 & &

- Redox reaction of LiOH
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Theoretical

capacity
(mAh g1)

Reversible capacity
(1% charge)
(mAh g)

Origin of additional capacity

- Electrolyte-derived surface layer

Long-term cycle
behavior
(cycle, current (A g''))

Co/CoO@N-C 718 881 - Interfacial charge storage 1115 (125%, 0.2) 80
- Li storage in carbon

hierarchical pinecone-like CoCOs3 sub- - Electrolyte-derived surface layer h 81

microspheroids 466 1078 - Redox reaction of Li2CO3 1475 (5007, 0.5)
- Electrolyte-derived surface layer

Micro/nano porous spheres ZnCo204 900 1120 - Interfacial charge storage 950 (90, 0.976) 82
- Li storage in carbon

MnCOs/multi-walled CNT nanocomposite 466 770 - Reversible redox reaction of Li2COs 704 (110, 0.1) 83
- Double layer capacitance from carbon

Porous MnCO3 hierarchical micro/nano cubes 466 762.2 - Redox reaction of Li2CO3 834 (100™, 0.466) 84

CoCOs/graphene 466 1273 - Redox reaction of Li2COs 602 (100™, 0.2) 85

Ij;flll\:;‘“"cm submicrospheres at different x 466 825 - Redox reaction of Li>COs 709 (500™, 1), 549 (1000'h, 2) 86
- Interfacial charge storage

rGO-coated Co2(OH)2CO3 nanosheet array 716 2109 - Formation of alloy 1600 (100%™, 1) 87
- Redox reaction of Li2CO3

Acanthosphere FeCO3 462.7 997 - Redox reaction of Li2CO3 587 (100™, 0.1) 88

Core-shell structured MnCO3@C 466 1616 - Redox reaction of Li2COs3 1115 (230™, 0.1) 89

. - Redox reaction of Li2CO3 h

Co2(OH)2C03-GO nanocomposites 1644 1262 _ Redox reaction of LIOH 1046 (300%™, 0.2) 90
- Electrolyte-derived surface layer h

Fe203@C/Co304 1000 1236.3 - Redox reaction of LIOH 1035 (350™, 0.2) 91

Colloidal silica-assisted Co(OH)2 577 1112 - Contribution of LiOH 1019 (30™, 0.0577) 92

Fe203/rGO nanocomposite 1007 1212 - Redox reaction of LiOH 1064 (100%™, 0.2) 93

. - Electrolyte-derived surface layer

Hollow-structured oxygen-vacancy-rich 1007-1232 1187 - Interfacial charge storage 706 (2000%, 5) 94

Fe203/MnOz nanorods . .
- Redox reaction of LiOH

Ordered mesoporous MoO> 838 1308 - Formation of metallic Li-rich phase 1594 (50™, 0.08) 95

1T-MoS2/graphene 670 1200 - Li absorption in Mo precipitates 1800 (800%™, 1) 96

11




3. PHENOMENA PROPOSED TO GIVE RISE TO ABNORMAL

REVERSIBLE CAPACITY

3.1. Formation and Decomposition of Electrolyte-Derived Surface Layers

In the most widely commercialized LIBs using graphite anode materials and organic
electrolyte, reduction of the electrolyte occurs at the anode surface at low potential.”’ % The
resulting products form a passive layer at the interface. This layer was termed solid
electrolyte interphase (SEI) by E. Peled due to its similar characteristics with a solid

electrolyte,'*!

as it allows transport of Li ions during electrochemical cycling while blocking
both electrons, which prevents further electrolyte degradation, and solvent co-intercalation.
Being a protective layer, the quality of the SEI layer significantly affects battery cycle life,
rate capability and even safety.!®>'%” There have been extensive studies targeting the
formation mechanism and identification of the SEI layer, with modern analytical science
enabling the observation of even nanoscale changes. Consequently, while highly dependent
on cell operating conditions, the SEI layer is generally accepted to consist of various
inorganic/organic compounds such as Li2O, Li2COs;, LiF and/or ROCO:Li, among
oligomeric/polymeric compounds from the electrochemical decomposition of Li salts or the
organic solvent in the electrolyte.!%194108-116 The SET layer is mostly formed during the first
lithiation, and slowly grows until fully developed. Once it is formed, further growth and
decomposition of the SEI layer is restricted. Despite the beneficial role of SEI as mentioned
above, its formation entails a noticeable capacity loss due to the irreversibility of the
formation.103’104"l7

Contrary to the conventional common knowledge that the developed cathodic reaction

layers on electrode surfaces can rarely be decomposed, Poizot et. al first reported that such

layers could be consumed upon charge after being formed during lithiation through
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Figure 2. (a) Voltage profile of Cu20 electrode. TEM images of the electrodes (b) at OCV, (c) after

2 mol equivalents of Li reaction, (d) at full discharge and (e) at full charge. (f) IR spectra of full

discharged Cuz0 electrode. (Reproduced with permission from Ref. xx, copyright (XxXxX) XXXxx)
conversion of metal oxide anodes.''® This phenomenon is exemplified for Cu2O in Figure
2.'"% The electrochemical response in Figure 2(a) indicated that two sloping voltage ranges
appear at 1.4-1.0 V and 1.0-0.02 V during the first discharge delivering capacities
corresponding to 2 and 1.7 mol equivalents of Li, respectively. In total, ~3.7 mol equivalents
of Li reacted during the first discharge and ~2.6 mol during the first charge, compared to the

theoretical amount of 2 mol based on conversion to Cu metal. To observe the structural

changes during the electrochemical reaction, transmission electron microscope (TEM) images
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at different states of charge were collected (Figure 2(b)—(e)). After reaction with 2 mol
equivalents of Li, the particles were significantly pulverized from ~100 nm to ~5 nm while
the overall shape of square platelet morphology remained with the formation of very thin
layer at the surface. At full discharge, the nanograins were completely surrounded by large
veil-like coatings as described in Figure 2(c). Infrared (IR) spectra of this electrode, in
Figure 2(f), reveal that the layer was composed of Li»CO3 and ROCO:Li, similar to the SEI
layer on carbonaceous anodes. Surprisingly, the very thick organic layer almost completely
disappeared after the subsequent delithiation, and only a thin (~80 A) coating remained,
indicating that the surface layer can be decomposed. It was proposed that the metallic Cu
nanograins generated from the conversion of CuzO facilitate both the reaction with electrolyte
to form thick surface layers at low potential, and their dissolution upon charge.

Thereafter, identical phenomena were reported in the CoO/Li cell.*® As described in Figure
3(a), the voltage remained constant in a process accumulating ~2 mol equivalents of Li
during the first discharge, where the conversion reaction of CoO occurred. Afterwards,
additional ~1.5 mol equivalents of Li were accumulated between 1.7 and 0.02 V. The

electrochemical process at this range presented a capacitive nature as opposed to the clearly
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Figure 3. (a) Voltage profile and (b) CV curve of CoO electrode (Reproduced with permission from
Ref. xx, copyright (xxxx) Xxxxx)
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faradaic process of the conversion reaction, which could be inferred from the rectangular
shape of cyclic voltammetry and linear variation of I as a function of dV/dt in Figure 3(b).
However, the charging of the electrical double layer on metallic cobalt cannot deliver such
large capacity, even considering the high surface area of nanometric particles. They proposed
that the extra capacity at the low potential region is originated from growth and dissolution of
thick surface layer covering thin SEI layer. They first designated the layer as PGF. However,
the distinction between SEI layer and PGF remained vague despite significant analytical
efforts, because the components are similar in both cases, and which ones actually
decompose during charge is the object of controversy. Nowadays, a few different terms are
used to describe the large surface layer beyond “PGF film”,**!?" including polymeric-like
SEL 2122 polymeric surface layer,'?*1?° dissolution of the SEI layer, or gel-type layer. Thus,
we will not distinguish the PGF and SEI layer, and just refer to it as “electrolyte-derived
surface layer” hereafter.

The decomposition of the electrolyte-derived surface layer is thought to originate from a
catalytic process by the extremely small metallic nanoparticles formed after conversion. To
confirm the role of nanosized transition metal, Su et. al prepared Fe@C composite materials
and compared electrochemical behaviors with pure carbon as shown in Figure 4.'?° Despite
negligible oxygen contents (1.8 wt%) and the fact that Fe does not form alloys with Li,
Fe@C composite electrodes exhibited high capacities of 1379 and 601 mAh g!' during first
discharge and charge, respectively, while a pure carbon electrode delivered only 667 and 310
mAh g'! (Figure 4(a)). As shown in Figure 4(b), there were no obvious changes in the X-ray
diffraction (XRD) patterns after electrochemical cycling except for the appearance of a broad
peak at 20-25° from lithiated carbon and SEI components. Thus, oxidation to FeOx and
subsequent reduction can be neglected. However, as shown in Figure 4(c) and (d), the cyclic

voltammetry (CV) of the Fe@C composite electrode showed additional broad peaks at 0.3—
15
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0.8 V during the first anodic scan which were not observed in pure carbon. These peaks were
associated with the appearance of new broad XRD peaks from the formation of the surface
layers to a much greater extent compared to the carbon electrode. During the subsequent
charge, two oxidation peaks were visible at ~1.6 and 1.9 V. They hypothesized that these
peaks originated from the decomposition of the surface layer components, and that metal
nanoparticles could catalyze the formation/decomposition of surface layers from interactions
between electrolyte and electrode.

Currently, the formation and decomposition of the surface layer is most widely considered
as the origin of additional capacity in conversion reaction-based anode materials and has been
observed in various materials through diverse methods of analysis method. As exemplified
above, TEM is one of the most effective techniques to visualize its formation and
decomposition (Figure 5(a)—(d)).3>*618119.127-130° Atomic force microscopy (AFM) is also

useful to investigate the reversibility of the formation of surface layers, by observing the
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o

changes of surface topology.!*!"13* In Figure 5(e), the surface grain size, shown in the bright
area, was measured to be ~200 nm for a fully discharged MnO electrode formed with ~20 nm
particles. The enormous increase of surface grain size could not be accounted for by the
volume expansion inherent to the bulk conversion (theoretically, 169%), leading to the
hypothesis that it could result from the growth of surface layers. Subsequently, after
delithiation, the grain size and surface roughness significantly decreased as shown in Figure
5(f), indicating decomposition of such surface layers.'*! Similar swelling and shrinkage of the

grain was observed in a FeoO3 anode as in Figure 5(g) and (h). Surface sensitive analyses
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techniques such as X-ray absorption spectroscopy (XPS) and soft X-ray absorption
spectroscopy (soft XAS) are also useful tools for observing formation and decomposition of
the surface layer.!?>!35-13 The atomic percent of Co from XPS spectra during electrochemical
cycling of CoO anode as a function of etching time with argon ion sputtering is shown in
Figure 5(i). More etching time was needed to detect cobalt at the surface as discharge
progressed, indicating the surface layer thickened. At full lithiation, ~10 min of etching time
was needed to observe 5 % of cobalt, which corresponds to a ~100 A surface layer. In
contrast, the etching time significantly decreased upon subsequent delithiation, supporting the
dissolution of surface layers.'*> The variation in the relative intensity of the carbon black
component, used as a conductive additive, measured from the C 1s spectra of Fe;Os electrode
during cycling is provided in Figure 5(j). It provides another proxy for the growth of
interphases. As the surface layer thickened during discharge, the relative intensity of carbon
black components decreased. Again, this trend was reversed upon full charge.'?> The
formation and decomposition of the surface layer can be also confirmed by monitoring
electrochemical impedance spectroscopy (EIS) since the diameter of the measured semicircle
is commonly ascribed to the resistance from the electrode-electrolyte interface.!3”14%14! The
diameter increases during lithiation and decreases during delithiation, as seen in Figure 5(k)
and (I). Other analysis techniques such as thermogravimetry and mass spectrometry (TG-
MS),'*? time-of-flight secondary ion mass spectrometry (SIMS),!3134137 Fourier transform
infrared spectroscopy (FTIR),'* and infrared reflection absorption spectroscopy (IRRAS)!3
have also been used to demonstrate the formation and decomposition of electrolyte-derived
surface layer.

Some of these techniques were also used to unveil which components are formed in the
surface layers during lithiation and decomposed during delithiation. Dedryvere et al.

conducted XPS analysis of the surface of CoO anode during electrochemical cycling in 1M
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Figure 6. C 1s XPS spectra of CoO electrode recorded (a) at different state of charge and (b) at full
discharged samples in a) powder state and b) sintered pellet. (Reproduced with permission from Ref.
XX, copyright (Xxxx) XXXXX)

LiPFs in EC/DMC 1:1.!1% The C 1s XPS spectra measured without etching are presented in
Figure 6(a). All spectra show a large peak at 285.0 eV which can be assigned to hydrocarbon
from contamination. After reaction with 1 mol equivalents of Li, a peak assigned to COO-
components at 289.0 eV. Then, at full discharge, the main components were assigned to the
presence of CO- species inferred from the intense peak observed at 286.0 eV. Also, peaks
from Li2CO3; and ROCO:Li components can be observed at 290.0 and 289.0 eV. Figure 6(b)
compares the C 1s XPS spectra of a fully discharged sample in both powder form and as
sintered pellet scraped under ultrahigh vacuum. After mechanically scraping the sintered
pellet, the intensity of the peak at 290.0 eV increased, indicating that the surface layer at
greater depths is rich in Li2COs; and ROCO:Li and the outer surface layer is mainly
composed of organic species, probably polymers or oligomers with (CH2CH20), units, or
related. After charge to 1.8 and 3.0 V, the intense peak from the organic component at 286 eV

disappeared while the peaks assigned to inorganic components of LioCO3; and ROCO;Li at

290.0 and 289.0 eV remained, showing that the inorganic compounds closer to the electrode

19



surface remain stable and only the organic components at outer depths are decomposed

during charge.
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Figure 7. (a) C 1s and (b) F 1 XPS spectra of CuO thin film electrodes at different states of charge
during the first cycle. (Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)

In contrast, Martin et al. observed decomposition of inorganic Li2COs3 species in CuO thin
film electrode with 1 M LiPFs dissolved in 1:1:3 EC/PC/DMC solvent.!* The C 1s and F 1s
XPS spectra of the CuO electrode collected during the first cycle are provided in Figure 7(a)
and (b), respectively. In the pristine state, the largest C 1s peak at 285.0 eV corresponds to
hydrocarbons due to contamination in the measurement chambers, which were also detected
in the XPS spectra of the other samples. After the reaction with 0.7 mol equivalents of Li per
CuO (discharge to 1.4 V), the C 1Is XPS spectra did not change much, while the F 1s XPS
spectra show a large peak at 685.6 eV that can be assigned to LiF. This result shows that LiF
is formed at the beginning of the discharge, from the decomposition of LiPFs salts in the
electrolyte. After reaching 0.8 V, the LiF peak totally disappeared, and a new peak at 290.3

eV, from -CO3 compounds, appeared in C 1s XPS spectra. As the intensity of the peak from
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C-O bond at 286.7 eV remained low, the new peaks at 290.3 eV could not be attributed to
ROCO:Li, where the number of carbon atoms in C-O and in —CO; is same. Thus, they
proposed that the new peaks were generated from the growth of Li>CO; at surface. The
appearance of Li>COs and disappearance of LiF at the surface in this stage show that LiF first
grows at the surface of electrode at the initial stages of discharge and, then, Li2COj3 covers the
LiF layers during further discharge. During subsequent charge to 2.6 V, the C 1s and F 1s
spectra remained unchanged demonstrating that the composition of outer surface layer was
not modified. However, after charging to 3.5 V, LiF could be observed again. In addition,
they observed that the atomic concentration of carbon in -CO3 environment decreased from

8.3 % to 2.1 %, demonstrating the partial dissolution of Li2COs in the outer surface layer.

By using the different probing depth of total electron yield (TEY) and total fluorescence

yield (TFY) modes of soft XAS, the depth-dependent composition changes of the surface
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Figure 8. lllustration of different penetration depth in (a) TEY and (b) TFY soft XAS experiments.
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layer on carbon-coated ZnFe,Os4 anodes was inspected.!’® The TEY and TFY detectors
measure emitted electrons from the excited state and emitted photons, respectively. Due to
the different mean free path of electrons and photons, the effective probing depths of TEY
and TFY are 2—10 nm and 50—100 nm as illustrated in the schematic in Figure 8(a) and (b).
Here, the electrochemical experiment was conducted with electrolyte of LiPFs salt dissolved
in EC/DMC 1:1 solvent. Gradual growth of a sharp peak at 291 eV was noted in the C K-
edge TEY spectra after discharge to 0.79 V (denoted as L0.79 V in Figure 8(c)), that
corresponds to Li2COs. The intensity of the Li»CO3 peak decreased at lower potential, being
replaced by a peak at 289 eV, assigned to ROCO:Li. During the subsequent charge, the
intensity of the ROCO;Li peak was reduced. The growth and decrease of the peak intensity of
ROCO:;Li was also observed in the Li K-edge TEY spectra, with other signals corresponding
to Li2CO3 and LiF after the first discharge, as shown in Figure 8(d). The increasing alkyl
carbonate signal with respect to LiF/Li2CO3 at low potential and its disappearance during
subsequent charge indicates that the alkyl carbonate is formed on top of the LiF/Li2COs layer
at low potential during discharge and dissolved during charge. In the O K-edge TEY spectra
in Figure 8(e), the initial peaks assigned to C-O-H bonds in the binder, at 531.5 eV, and Fe-O
bond from ZnFe;Oq4, at 529.6 eV, disappeared at the initial stages of lithiation, giving way to
peaks at 533.7, 539.4 and 544.5 eV ascribed to Li2COs, supporting that the surface of
ZnFe;0y is firstly covered by Li2COs. Insight from deeper discharge were collected from the
O K-edge TFY spectra in Figure 8(f). Peaks from Fe-O and C-O-H bonds were clearly
shown even after lithiation. Lithiation resulted in growth of Li2COs; without showing peaks
from ROCO:Li. The absence of peaks corresponding to ROCO:Li in the O K-edge TFY
spectra, which can be clearly observed in the TEY spectra, indicates that the phase exists at
the outermost surface. The combined TEY and TFY soft XAS results clearly show that the

formation of the surface layer occurs in two steps as summarized in Figure 8(g). Firstly,
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Li2COs and LiF preferentially formed at the surface of the electrode. Then, Li>COs is
partially replaced by ROCO:Li at the outermost surface. During subsequent charge,
ROCO:Li at the outer layer is mainly decomposed, leading to reversible capacity.

Table 2 summarizes the composition of the surface layer upon discharge and the
decomposable components in various anode materials with different electrolytes. It is
generally accepted that electrolyte reduction products such as LioCO3, ROCO,Li, and other
organic species are found at the surface layer, which can be also observed in the SEI layer of
carbonaceous materials. However, there are discrepancies among different reports in the
literature over which components contribute to the reversible extra capacity during cycling,
as listed in Table 2. For example, some suggest that only organic carbonaceous components

can be decomposed during delithiation,'?>1%2

while others claim that inorganic components
Li2CO3 and/or ROCO;Li) are also active.'?!132138 Therefore, further detailed investigations
g

of electrolyte-derived surface layers depending on specific conditions are needed.
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Table 2. Components of electrolyte-derived surface layer and the decomposable components among

them in various types of anode materials.

Materials Electrolyte Components Decomposable Ref.
components
IM LiPFs in Inner : LiCO3, ROCO:Li, RCO:Li,
CoO CH2CH;0), 1
© EC/DMC 1:1 Outer : (CH:CH0), (CH,CH,0) 35
Cr03 IM LiClO4 in PC Li2C03, small ROCO,Li 136
IM LiPFs in . . . organic, polymer
1 R L
Cr,03 EC/DMC 1:1 organic/polymer species, ROCO,Li species 142
IM LiPFs in
CuO EC/PC/DMC 1:1:3 Inner : LiF, outer : Li,CO3 Li,CO; 132
with (2% VC)
1M LIPF6 in . . 144
CuO EC/DMC 1:1 LIF, Li,CO3
Cuo 1M LiPFs in Inner : carbonates, 145
EC/DMC 1:1 outer : hydrocarbons
Fe203 1M L1C104 in PC LizCO3, small ROCOzLi 137
Fe 03 IM LiClO4 in PC Li,CO3, ROCO,Li, RCH,OLi 134
FerO 1M LiCIOy4 in Inner : Li,CO3, minor ROCO;Li 122
e EC/DEC 2:1 Outer : hydrocarbons
CrxFeyO3 IM LiClO4 in PC Li2CO3, ROCO,Li/RCH,0OLi 133
IM LiPFs in . . .
EC/DMC 37 large LiF, small Li,CO3/ROCO,Li
Fes0s IM LiPFq i e
iPF¢ in . . .
FEC/DMC 3:7 small LiF, large Li,CO3/ROCO,Li
IM LiPFs in .
Mn0,33C00‘67C204 EC/DMC 1:1 ROCOle 143
ZnFe;04-C LiPFs in Li>COs3, LIF, ROCO>Li ROCO,Li 138
e EC/DMC 1:1 2 ? ?
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3.2. Interfacial Charge Storage
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Figure 9. (a) Voltage profile of RuO2 electrode with cutoff condition of 0.05—4.3 V. (b) HRTEM images
of the RuO2 electrode at specified potential. Voltage profile with cutoff condition of (c) 0.8—4.3 V and
(d) 0.05-1.2 V. (Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)

In 2003, Balaya et al. investigated the electrochemical reaction mechanism of RuO», which
stored 5.6 mol equivalents of Li over a wide voltage range of 0.05—4.3 V, as shown in Figure
9(a).'"*” During the first discharge, two plateau regions appeared at ~2.1 V (region a) and ~0.9
V (region b), followed by a long sloping region at low potential, region c. During subsequent
charge, a relatively short plateau (region d) was observed at a high potential of ~3.8 V. Using

XRD, it was confirmed that regions a and b arose from Li insertion to RuO> and its
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subsequent conversion reaction, respectively. However, the electrochemical reactions in
regions ¢ and d could not be identified. Complementary high-resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction (SAED) measurements in
Figure 9(b) confirmed that the conversion reaction of RuO> was completed after the reaction
of ~4 mol of Li at 0.8 V (end of region b), forming metallic Ru and Li>O. At this stage, only a
thin surface film was observed. Then, after a full discharge to 0.05 V, a thick electrolyte-
derived surface layer was observed without changing the Ru/Li;O composite. The thick
surface layer and metallic Ru/Li2O composite still remained during charging up to 1.2 V,
leading to the hypothesis that the capacity of ~120 mAh g at this region was not solely
delivered from the decomposition of the surface layer and oxidation of Ru. After reaching 3.7
V and 4.3 V, the metallic Ru was fully oxidized to RuO> and the thick surface layer almost
disappeared. When the cycling window was constrained to 0.8-4.3 V, i.e., without the sloping
region at low potential, it is noticeable that the plateau region d at 3.8 V was significantly
reduced (Figure 9(c)), indicating that it might be ascribed to the decomposition of the surface
layer. However, in Figure 9(a), much smaller capacity was delivered in region d (where they
hypothesized decomposition of surface layer occurred) compared to region c (where
formation of surface layer might occur), again suggesting there might be an additional
reaction at low potential, beyond the formation of electrolyte decomposed surface layer. As
shown in Figure 9(d), they found that electrochemical cycling between 0.05-1.2 V showed
behavior reminiscent of capacitive systems. Based on the above results and the fact that
neither Ru nor Li;O can store Li, they proposed a new mechanism of interfacial charge
storage which occurs at the interphase between nanosized metal and LiO grains through
charge separation. In addition to oxides, similar behavior was claimed to occur in metal
fluorides.'*%14°

The concept of interfacial charge storage mechanism is schematically described in Figure
26



Figure 10. Schematic representation of (a) the interfacial charge storage mechanism. (b)
Heterostructure metal/ionic conductor/metal and prediction of differential capacity per volume as a
function of inverse spacing length. (Dashed line indicates the value in case of volume insertion) (c)
lllustration of the three sequence of Li storage in electrode particle by turns of insertion, phase
separation and interfacial charging. (Reproduced with permission from Ref. xx, copyright (xxxx)

XXXXX)
10(a). According to this model, Li* can be accumulated at the Li>O side of the boundary and

the electrons are stored in the metal side only where the metal and Li,O phase are in intimate
contact. It occurs until p; becomes equal to the chemical potential of metallic Li. Since the
electronegativity difference between metal and Li becomes very small if the metal alloys with
Li, this interfacial charge storage would preferentially occur in non-alloying metals. Also, as
it resembles the characteristics of double-layer capacitance, it is highly affected by the
particle size through the electrochemically active surface area. In Figure 10(b), a sketch of
the cell considered for calculations of space charge capacitance and the corresponding
specific differential capacity per unit of volume as a function of inverse interfacial spacing is
provided. The specific capacity increases linearly with 1/L when the particle size is relatively
large. However, at smaller scales, the thickness dependence disappears, and the specific

differential capacity reaches a saturation value, close to the value of insertion reaction. Thus,
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they proposed that interfacial effects could play a dominant role in nanostructured solids.
Overall, the reaction is proposed to follow the sequence in Figure 10(c). Firstly, Li is
homogeneously inserted into the bulk, followed by conversion to form phase separated metal
and LiX. At low potential, further lithiation occurs at the interfaces, showing capacitive
behavior.!3%-15!

Zhukovskii et al. also conducted ab initio density functional theory (DFT) calculation on
model Ti/Li2O interfaces to explore the consequences of this interfacial storage
mechanism.!>? As shown in Figure 11, they considered different positions for extra Li: on the
Li>O slab surface opposite to the Ti/Li>O interface, at deep internal layers and at the interface
between Ti and Li2O slab. It should be noted that the other conditions such as electrolyte or
surface layer were not considered to simplify this calculation. The calculated relative energies
for those configurations manifested that the extra Li atoms prefer to be localized at the
Ti/Li2O interface as well as at the free LiO surface rather than inside the slab. The extra
charge storage at the interface between Ti and Li,O is feasible since free surface of Li2O is

not applicable site in real cell environment. In addition, by observing the changes in charge,

they clarified that the Li2O surface would need to serve as host for Li while Ti serves as an
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Figure 11. Graphical images of interfacial cross section of extra Li located at different position.
(Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)
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electron sink in this mechanism. By this process, Ti/Li;O interface can store at least a
monolayer of additional Li per interface. Similar behavior was predicted for Ru/Li,O and
Co/Li0 interfaces.'>

Hassan et al. further supported the interfacial charge storage mechanism by conducting DFT
calculations of fully relaxed structures of (RuO)s upon addition of Li atoms.'>* The
optimized structures with various amounts of Li are presented in Figure 12(a). After addition
of 1 mol Li per Ru (8 mol of Li in (RuO2)s working cell), Li atoms were intercalated into the
RuO; lattice, maintaining the original rutile structure with little disruption. Further lithiation
generated significant distortions of the original crystal structure, especially after reaching a
Li:Ru ratio of 3:1. The Ru atoms started to aggregate, and Li and O atoms were separated
into relatively Ru-free domains at a Li:Ru ratio of 4:1, which is an indicator of the conversion
of RuO». The sequential insertion and conversion reactions in RuQO; are consistent with
experimental observations. In cells containing islands of 8 Ru atoms surrounded by Li>O with

Li:Ru ratio of 4:1, described in Figure 12(b), led to the prediction of extra charge storage in
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Figure 12. (a) Optimized structures of (RuO2)s with varying numbers of lithium atoms added. (b)
Three-dimensional image of optimized structures of a Rus island in Li2O. Ru : green, O : red, Li :
purple. (c) Number of nearest neighbors, (d) average bond distance between coordinated atoms and
(e) number of spheres in different regions as the number of lithium atoms increases. (Reproduced with
permission from Ref. xx, copyright (xxxx) xxxxx)
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the Ru + Li2O system. It must be noted that the computation was conducted without
electrolyte present. To investigate how the extra charge storage occurs in this configuration,
they calculated the variation of the number of nearest neighbors and bond distances among
Ru, O, and Li as displayed in Figure 12(c) and (d). The number of Ru-Ru nearest neighbors
gradually increased to maximum value after 3 mol of Li reaction and then continuously
decreased at higher Li content. On the other hand, the number of Ru-O nearest neighbors
significantly decreased during lithiation and almost approached to zero at higher Li
concentration, and the distance between them increased above 3 mol of Li per Ru.
Subsequently, the number of Li-O and Li-Ru nearest neighbors gradually increased until the
Li:Ru ratio reached 5:1 and did not change much during further lithiation, showing that Li
atoms appeared to form clusters at higher concentration. Also, the Ru-Li bond distance
decreased with higher Li contents, indicating that the extra Li atoms would have a preference
to insert between the Ru and Li>O. Figure 12(e) shows the free volume without nearby Ru
atoms, at the surface of Ru cluster, and in the core of Ru. During lithiation, the free volume
fully isolated from Ru atoms (ORu) and that near the surface of Ru clusters (1-3Ru) increased
drastically, while the free volume in Ru metal (>4Ru) decreased gradually, further supporting
that extra Li in such a system would favor the interfacial site between metallic Ru and Li.O
phase.

Bekaert et al. used SLi nuclear magnetic resonance (NMR) to probe the products of the
electrochemical reaction of RuO; as shown in Figure 13(a).'> After 0.5 Li lithiation, two
broad peaks at 9 and 0 ppm were observed, which can be assigned to LiRuO> and the
formation of electrolyte reaction layers, respectively. After lithiation to 4 mol equivalents, the
SLi NMR spectra changed significantly and then remained similar after full discharge and at
the initial stages of delithiation. As shown in Figure 13(b), the NMR spectrum for the fully

discharged sample can be decomposed to three peaks at 0.48, 2.70 and 3.93 ppm. The intense
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Figure 13. (a) 5Li NMR spectra for RuO:2 electrode at different state of charge. x represent amount of
Li per RuO:. (b) Peak deconvolution of 6Li NMR spectra at full discharged state. (c) Amount of Li
observed by NMR per mass of samples in each signal for the various samples. (Reproduced with
permission from Ref. xx, copyright (xxxx) Xxxxx)

peak at 2.70 ppm corresponds to Li>O formed by the conversion reaction, while the peak at
0.48 ppm was assigned to the electrolyte decomposition layer observed after initial lithiation.
Another signal at 3.93 ppm could not be assigned to any Li-containing phase. The authors
proposed that this signal emerged from the interfacial storage of Li. Based on the NMR
results, they quantified the amount of Li from various components as shown in Figure 13(c).
The amount of Li,0 did not largely increase during lithiation from 4 to 5.6 mol equivalents of
Li, while the new signal from the Li at the interface increased. During subsequent delithiation,
this signal gradually decreased and totally disappeared at the full charged state, indicating
reversible behavior.

Yu et al. prepared LiF/Ti nanocomposite thin films with 1:1 ratio and compared their
electrochemical behavior with pure LiF and pure Ti."*® As can be seen in Figure 14(a)—(c),
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Figure 14. Voltage profiles of (a) Ti thin film (b) LiF thin film and (c) LiF/Ti (1:1) thin film on Ti pellet
electrode with cutoff potential of 0.01-3.0 V . (d) Voltage profiles of LiF/Ti thin film with different
deposition period of 30, 45, 60 and 90 min (a, b, c, d). (Reproduced with permission from Ref. xx,
copyright (xxxx) Xxxxx)

the LiF/Ti nanocomposite thin film exhibited 5-10 times higher capacity than single phase
LiF and Ti thin film electrodes although the thickness and area of electrodes were the same
for the three electrodes. In addition, the specific areal capacity of LiF/Ti thin film electrodes
increased as their thickness increased as shown in Figure 14(d). As the increase in thickness
should not lead to an increase in surface area in a dense thin film, this dependence on
thickness could not be explained by the formation and decomposition of electrolyte-derived
surface layer. All this evidence was taken to suggest that the interfacial charge storage at

regions between LiF and Ti phase can enhance the reversible capacity. The thickness
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dependence was explained by the fact that the number of interfacial regions between the two
phases increases as the thickness of the LiF/Ti electrode increases. They speculated that the
capacity from interfacial charge storage could not be trivial when the interfacial area is
substantially large enough, as in conversion reaction-based anode where the LiX/M phase
coexists at small scale after completion of conversion reaction.

Guo et al. also discovered that reversible capacity is delivered in Fe/Li3PO4 nanocomposites,
which were fabricated by discharging LiFePO4 to 0.005 V.!*” The Fe and Li3PO4 nanograins
remained inactive during subsequent charge to 4.2 V, as confirmed through HRTEM and
XRD experiments. However, after the first process of nanocomposite formation, a capacity of
~220 mAh g was reversibly delivered when the potential range was limited between 0.005
and 1.7 V as shown in Figure 15(a). In contrast, a pure LizPO4 electrode displayed only
negligible capacity and the Fe remain as a metallic phase during charge/discharge.
Furthermore, FTIR results showed that the surface layer components did not change until
charging to 1.7 V. These observations led to the hypothesis that the reversible capacity is not
delivered by electrolyte-derived surface layer decomposition, but from the interfacial charge
storage between Fe and LizPOs4 phases. The capacitive behavior of Fe/LizPOs4 at low

potentials, deduced from the shape of CV curves in Figure 15(b), was reminiscent of the
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Figure 15. (a) The voltage profile and (b) CV curve of Fe/LisPO4 between 0.005 and 1.7 V.
(Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)
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interfacial charge storage behavior.

Kim et al. investigated the charge storage mechanism of RuO; anodes and probed the
possibility of interfacial charge storage using synchrotron-based in situ XRD and X-ray
absorption spectroscopy (XAS) techniques with TEM, XPS, and galvanostatic intermittent
titration technique (GITT).!*® Although RuO> can theoretically accommodate only 4 mol
equivalents of Li (806 mAh g') based on the conversion reaction, ~1130 mAh g™ of capacity
was delivered. The in situ XRD experiment showed that the original RuO; phase firstly
transformed into the intermediate tetragonal LixRuO; phase during 0.65 mol equivalents of Li
insertion. After insertion of 1 mol equivalents of Li, only orthorhombic LiRuO; was observed,
indicating that the insertion occurred during the initial stage of discharge. Then, the peaks
from LiRuO; steadily decreased until ~4 mol equivalents of Li was stored while a weak
broad peak appeared that correspond to metallic Ru. The in situ XAS results also clearly
showed the gradual rise of metallic Ru phase in this stage due to the conversion reaction. At
the last stage of discharge where extra ~1.1 mol equivalents of Li was stored, the XRD
pattern and XAS spectra remained unchanged. TEM results in Figure 16(a)—(d) show that
the surface film layer from electrolyte decomposition began to form at 2.0 V and
continuously grew as the discharge proceeded. However, the increase of thickness during
discharge from 0.8 V to 0.05 V was considered not to be proportional to ~1.1 mol equivalents
of Li storage, which would mean that the capacity in the sloping region at low potential
cannot be fully ascribed to the growth and decomposition of the electrolyte-derived surface
layer. Through GITT, as shown in Figure 16(e), it was observed that the Li diffusion
coefficient was relatively low during the conversion reaction region at 0.8 V plateau owing to
its slow reaction, but it increased steadily again and reached steady-state maximum at the end
of discharge where the extra charge storage occurred without the redox reaction of Ru. Based

on the fact that the diffusion of Li into the Ru/Li,O grain boundary naturally offers faster
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Figure 16. TEM images of (a) pristine RuO2 powder, (b) discharged to 2.0 V, (c) discharged to 0.8 V
and (d) full discharged to 0.05 V. (e) GITT curve and the calculated diffusion coefficient of RuO:2
electrode. (Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)

kinetics compared to a conversion reaction involving Li atoms, the authors proposed that the
extra capacity at low potential region was delivered by the interfacial charge storage reaction.

In addition to the interfacial region of LiX/M derived from conversion reactions, interfacial
charge storage has been proposed to occur if an electron accepting and a Li accepting phase
are in contact at the atomic scale.!>*"'%7 Shin et al. compared the electrochemical charge
storage of nanoporous TiO> to commercial TiO> materials with the particle size of ~200 nm
and 5-10 nm as shown in Figure 17 (a).!>® As the particle size decreased, the total capacity
increased due to an increase in activity below 1.5 V. However, in TiO2, no conversion
reaction can occur at these potentials, so Li2O/Ti interfaces could not be formed. In this
system, they hypothesized that the Li-inserted TiO2 phase would serve as Li accepting phase
and carbon additives or SEI layers would act as an electron acceptor. This mechanism was
also suggested to operate in TiO»/graphene and TiO2/LisTisO12 composite electrodes as
shown in Figure 17(b) and (c). In the former, TiO, and graphene work as ion and electron
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acceptor, respectively.'®? However, it was proposed that TiO> might take electrons at the
interface in the case of TiO2/LisTisO12 composite while LisTisO1» takes Li* ions.!®

The interfacial storage of charge is subject to significant controversy, with studies assessing
that this mechanism cannot fully explain such large additional capacity beyond the theoretical
value. In one example, Ponrouch et al. estimated the relative amount of available charge from
the interfacial reaction mechanism by calculating the changes in volume and surface area
after the conversion reaction.'® Experimentally, Co3O4 anode materials delivered extra
capacity of ~600 mAh g'! beyond what would be expected from conversion, at low potential.
Based on the calculations that the specific surface area of Co/Li2O after conversion reaction

of Co304 is ~100 m? g!, the capacitance of nanosized Co metal should be 2160 uF g to

deliver ~600 mAh g of additional capacity solely from interfacial charge storage. However,

36



the maximum capacitance at the metal surface is only ~30 uF g, which is significantly lower.
Thus, they concluded that the interfacial reaction would be a negligible contributor to
additional capacities beyond conversion. Further studies would clearly be needed to evaluate

the experimental feasibility of this mechanism.
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3.3. Redox Reactions of Li-Containing Species

In 2000, the report by Poizot et al. of the reversible electrochemical activity of nanosized
transition metal oxides when reduced to their metallic state created a new paradigm by
unveiling the fact that LiO formed by this conversion reaction, hitherto considered an
inactive species, can be reversibly decomposed.” Similarly, years later, redox reactions were
observed of other Li-containing species which had previously been considered as final
products or electrochemically inactive species, delivering extra capacity.

In the midst of controversy over the origin of additional capacity in conversion reactions,

Hu et al. suggested another possible mechanism accounting for it in RuO; electrodes using
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coupled NMR and synchrotron-based analyses: the generation of LiOH at the surface and its
subsequent reversible reaction with Li to form Li,O and LiH.?” Operando pair distribution
function (PDF) and XAS described that Li was inserted to RuO» to form tetragonal LixRuO>
after reaction of 1.3 mol equivalents of Li. Then, in the plateau region at ~0.8 V, conversion
occurs to form metallic Ru. At the low-potential sloping region after the plateau, where
additional ~1.4 mol equivalents of charge storage occurred, both PDF and XAS data
remained almost unchanged. To discover the origin of extra capacity at low potential, NMR
analysis was conducted as described in Figure 18(b)—(d). After 1 mol equivalents of Li was
reacted, peaks appeared in °Li and YO NMR spectra which were assigned to LixRuO,
consistent with PDF and XAS results. During further lithiation, these peaks gradually
decreased while Li>O peaks increased, as expected from a conversion reaction in this region.
Simultaneously, °Li, 70, and '"H NMR revealed the onset and growth of peaks corresponding
to LiOH. This product was proposed to arise from the reaction of extra Li with —OH groups
adsorbed at the surface of RuO2/LixRuOz. At the end of discharge, the intensity of these peaks
decreased again, giving way to Li2O and LiH peaks, suggesting that the capacity at low
potential is originated from the reaction of LiOH (LiOH + 2Li" + 2¢” <> Li,O + LiH). During
subsequent charging, the LiOH peak intensity reversibly increased. The suggested lithiation

mechanism of RuO; is summarized in Figure 18(e).
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Figure 19. (a) Voltage profiles of CoCOs/graphene, graphene and bare CoCOs3 electrodes. (b) SAED
patterns, (c) HRTEM image, (d) Li 1s and (e) C 1s XPS spectra of full lithiated CoCOs-PTFE
electrode. (Reproduced with permission from Ref. xx, copyright (xxxx) Xxxxx)

The electrochemical activity of Li-containing species formed during conversion reaction
was also observed in other transition metal compounds. Traditionally, the final products of
conversion reaction in MX are known as metallic phase (M) and Li.X. However, some recent
reports suggest that the Li.X phase can additionally react with Li, delivering extra capacity. In
carbonate-based anode materials (M**COs), much higher reversible capacity was delivered

169172 To explore

compared to its theoretical value corresponding to 2 mol Li accommodation.
the origin of additional capacity in transition metal carbonates, Su et al. prepared CoCOs
submicrocube/graphene composite electrodes and observed a capacity of 1317 mAh g,

greatly exceeding its theoretical value for a conventional conversion reaction (CoCOs + 2Li"

+2¢” «> Co + Li2COs, ~450 mAh g™!).!”® The authors proposed that C in Li»CO3; was reduced
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to lower valence, leading to two stages of reduction reflected on the voltage profiles in
Figure 19(a): 1) reduction of Co?" to Co® with the formation of Li»CO; (plateau at ~0.8 V)
and 2) reduction of C in LixCOs (sloping region below 0.8 V). After the first cycle, the
plateau shifted toward 1.0—1.5 V. In charge, two oxidation peaks appeared at ~1.3 V and ~2.2
V, which is proposed to be close to the reversible oxidation potential of Li»CO3 and CoCO3
based on their DFT calculation. To identify the electrochemical reaction products, HRTEM
and XPS experiments were conducted with CoCO3/PTFE electrode after full lithiation. The
SAED pattern, HRTEM image and Li 1s XPS spectra in Figure 19(b)—(d) show that Li,O
coexists with conversion reaction products (Li2CO3; and Co metal phase). The C 1s XPS
spectra after lithiation in Figure 19(e) shows a strong peak at 292.0 V from C=C bonds. They
proposed that these results arose from reduction of C in Li»CO3 forming Li>O and lower
valence C. According to this mechanism, the theoretical capacity is considerably increased to

~1350 mAh g'! by the reaction with 6 mol equivalents of Li.

Not long after this new reaction mechanism was proposed, Ding et al. fabricated CoCO3—
polypyrrole composites for anode materials, and observed a high reversible capacity of
~1382.6 mAh g'! at the first charge, being as high as 1787 mAh g in certain conditions.'”*
They hypothesized that more Li can be inserted to low valence C in addition to reduction of
C in Li>COs, which might totally deliver 7 mol equivalents of Li (~1451 mAh g!). They also
ascribed the excess capacity over the new theoretical value to the mechanisms of
formation/decomposition of surface layers and interfacial charge storage described at 3.1 and
3.2. These studies have opened the possibility that Li2COs3 could be employed as a secondary

redox center to provide extra capacity in transition metal carbonate anodes.?!-86:175-181

If the additional reaction of LioCOj3 can be achieved, despite the same oxidation state and

higher molecular weight, transition metal carbonates (M**COs3) can deliver higher reversible
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capacity than transition metal oxides (M**O). To compare the electrochemical performance
between them, Wang et al. quantified this comparison by evaluating M>*O and M?'CO3
micro-spindles prepared with similar morphology.'®? Electrochemical data for CoO and
CoCOs in Figure 20(a) shows that the latter exhibited larger capacities of 1875 and 1135
mAh g during first discharge and charge than the former (1497 and 804 mAh g!), with
higher coulombic efficiency (60.5 % vs. 53.7 %). During repeated cycling, the specific
capacity of CoCOj3; remained higher than CoO, demonstrating that the additional reaction

continuously participates in CoCQOs3. Similarly, MnCOs electrodes exhibited higher reversible
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capacity than MnO as displayed in Figure 20(b). In addition, despite the lower Fe oxidation
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Figure 21. Changes in Co K-edge position with corresponding voltage profiles during (a) first
discharge and (b) first charge. (c) Structure changes during lithiation obtained from molecular
dynamics. (d) RDFs of Co-H, Li-O and Li-H. (¢) HRTEM images and SAED patterns of electrode at
the pristine state, after 500 mAh g' and 1000 mAh g-' of capacity was delivered during discharge,
and at full discharge. (Reproduced with permission from Ref. xx, copyright (xxxx) Xxxxx).

state, larger capacity was delivered in FeCOj3 than Fe,O3 (Figure 20(c)).

Kim et al. discovered the exceptionally high reversible capacity of Co(OH), (1112 mAh g™!)
far exceeding the theoretical value predicted based on a conversion reaction (577 mAh g1).2
In the Co K-edge X-ray absorption near edge structure (XANES) acquired to investigate the
origin of extra charge storage as shown in Figure 21(a), the edge position decreased until
~700 mAh g'! of capacity was delivered during discharge, due to the reduction of Co*" to
metallic Co. Then, below ~1.0 V, the edge position showed negligible shifts. During the
subsequent charge, shown in Figure 21(b), the opposite trend was observed. Initially, the Co
K-edge remained almost unchanged, and it shifted toward higher energy due to oxidation of
metallic Co through a reversible conversion reaction only after 500 mAh g! was delivered.

Therefore, it was confirmed that the storage capacity at low potential was not related to the
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redox process of Co atoms in Co(OH)2. To get further insight into this process, ab initio
molecular dynamics (AIMD) simulation was conducted with a multilayer geometry of
Co(OH); and metallic Li described in Figure 21(c), which produced the radial distribution
function (RDF) shown in Figure 21(d). As reaction started, Li-OH bonds were predicted to
form first, simultaneously breaking Co—OH bonds and inducing formation of small Co
clusters, indicating the conversion reaction of Co(OH)z. Further lithiation after the conversion
reaction was confirmed to be originated from the migration of hydrogen in LiOH toward
adjacent Co atoms, which resulted in the gradual increase of a peak due to the Co—H bond in
the RDF. Since the hydrogen atoms bonded to Co cluster have roughly -1 charge state, an
ionic bond could be formed between hydrogen anions and Li cations to form Li—H bonds at
the interphase. Also, some portion of hydrogen seemed to move directly from OH to LiH. To
further confirm the hydride reaction, HRTEM images and SAED patterns were collected as in
Figure 21(e). The images of the sample discharged up to 500 mAh g™! shows metallic Co and
LiOH, as expected from the conversion reaction of Co(OH),. After discharge to 1000 mAh g
!, Co metallic clusters are dispersed in the Li>O matrix, and the SAED patterns revealed the
reflections of Li2O and LiH as well as the metallic Co. The appearance of LioO and LiH
suggests the reaction between Co metal and LiOH at low potential. At the end of discharge,
due to total amorphization of the materials, SAED patterns reflected the characteristic
amorphous halos. Based on the AIMD simulation and the experimental results including XAS

and TEM, the overall sequential reactions were proposed as follows:

Co(OH), + 2Li* + 2¢” <> Co + 2Li(OH) (1)
Co + LiOH + Li" + ¢ <> CoxHy(interfacial) ()
aLiOH + 2aLi* + 20¢" «> aLix0 + oLiH (0 < o < 1) 3)
CoxHy (interfacial) + zLi" + ze~ «» CoxHy., + zLiH (0 <z <Yy) 4)
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According to these reactions, three times higher capacity can be delivered compared to a
conventional conversion. However, since the hydrogen anions can be formed only at the
interphase between Co clusters and LiO/LiOH, and the larger Co clusters formed in the
actual experiment would be less active, only ~4 mol Li was practically reacted reversibly in
Co(OH): anode.

Wu et al. tested graphene-covered and carbon-encapsulated CoSO4 nanoparticles as anode
materials.!®* According to the traditional conversion reaction, the metallic Co and Li>SO4 are
expected as final reaction products after a full discharge process, accumulating 2 mol of Li.
However, a reversible capacity equivalent to about 4 mol of Li was observed with CoSO4
anode. In discharged electrodes, LixS, S clusters and Li;O were reported by XRD and
HRTEM images after the full discharge in Figure 22(a). Thus, they suggested that Li>SO4
formed by the conversion reaction further reacted with Li to form Li>S and Li;O. By the
sequential reactions, up to 8 mol equivalents Li could be accommodated with CoSOs as

follows:

45



& Co,S, (PDF No.02-1459)
® Sy3 (PDF No.78-0793)
4 Co,0,(PDF No.43-1003)

—
Q
S

® LLS (PDF No.26-1188)
© 5,3 (PDF Nu.78-0793)
§ 1L,0 (PDF No.77.2144)

Discharged Charged

—
Intensity (a.u.) (=)

Intensity (a.u.)

Discharge Charge
@ =080 ©E=0 Q=Lo @=Ls C=s @=0c0 @=Cas
@ = Carbon Capsule SHNESS = Graphene nanosheet
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CoSO4 + 2Li" +2¢” — Co + Li2SO4 (5)
Li»SO4+ 8Li" + 8¢ — LizS + 4Li,0 (6)
After charge, Co304 and Co9Ss were detected as in Figure 22(b) instead of restoring the

original phase, leading to the proposed reactions:

9Co + 8Li2S «» CooSg + 16Li" + 16¢ (7)
3Co +4Li0 < Co304+ 8Li* + 8¢ @®)
LizS < 1/x Sx +2Li" + 2¢ 9)

At maximum, 2.67 mol Li per Co would be expected to react during charge, which is higher
than the amount based solely on the conversion reaction mechanism. The proposed reaction
mechanism of the graphene-covered and carbon-encapsulated CoSO4 nanoparticles is
summarized in Figure 22(c).

At this stage, the electrochemical activity of the non-metallic product of the conversion
reaction, LinXp, has been demonstrated in a variety of chemical systems. Beyond those
mentioned above, metal acetates, which can convert to metal and Li acetate (LiAc), followed

by further reaction of the latter with Li to form CH3CHO and Li2O, delivering extra
46



capacity.’’ Also, simultaneous reaction of other products of conversion reactions was
observed in transition metal compounds possessing multiple ligands such as
Co2(OH)2(CO)3, 184185 Co(Ac)2-x(OH) and Ni(HCO3),. 86188

Complex versions of these compounds worthy of further discussion are metal-organic
frameworks (MOFs). Very recently, MOFs have been the focus of extensive investigation as
anode materials due to unique properties such as controlled pore size, redox activity,
structural diversity and well-established post-process methode.!8*2°! In analogy to transition
metal oxides, the conversion reaction occurs in MOFs inducing the reduction of transition
metal and formation of Li-containing organic species as final products.!**?°1:202 In 2015,
however, Lee et al. discovered that further charge was passed after completion of the
conversion reaction at nickel(Il) terephthalate (NiTP), delivering a high capacity of ~1100
mAh g!.' This value is remarkably higher than the theoretical capacity of ~240 mAh g
based on an expected two-electron conversion reaction. The mechanism of lithiation of NiTP
was probed using Ni K-edge XAS and °C NMR experiment, as shown in Figure 23(a)—(c).
Ni K-edge XANES spectra in Figure 23(a) revealed that the initial Ni** state completely
reduced to Ni’ during discharge to 1.1 V, demonstrating that the following conversion

reaction was completed at the initial stage of discharge.
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Figure 23. (a) Ni K-edge XANES spectra and (b) solid state "*C NMR spectra of NiTP electrodes
during the first cycle. Proposed reaction mechanism in (c) transition metal terephthalate electrodes
in ref xx and (d) CoTP in ref xxx. (Reproduced with permission from Ref. xx, copyright (xxxx) Xxxxx)

NiCsH404 + 2Li" + 2¢” «> Ni + LioCsHsO4

The redox state of Ni remained almost unchanged upon further discharge and until re-
charging to 1.1V. After further re-charging to 3.0 V, the re-oxidation of Ni was observed.
Thus, there were additional reactions accounting for the extra capacity below 1.1V. They
were inspected using '*C NMR, as provided in Figure 23(b). During discharge to 1.1 V,
where the conversion reaction occurred, no obvious changes were observed. After discharge
to 0.4 V, a new peak at 163 ppm was observed, which could be ascribed to a highly
conjugated enolate. At 0.0 V, two broad bands at 134.2 and 20.5 ppm were observed,
corresponding to more saturated structures. Thus, they speculated that the organic ligand in Li
containing organic compounds generated by the conversion reaction act as redox center to
form saturated organic scaffolds, similar to what was also observed in organic
electrodes.!3%29-27 FeTP also showed similar voltage profile and behavior.!”> Overall, the
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general lithiation to transition metal terephthalates can be summarized as Figure 23(c). First,
the reduction of transition metal occurs through a conversion reaction, then, extra Li is stored
at the organic ligands to develop saturated organic scaffolds. The second lithiation step can be
sub-divided into two-steps in some cases, namely, enolization of carboxyl group (stage II)
and vinyl to complete saturated bond (stage I1I) as described in Figure 23(d).'**!*%!%° Similar
activity of other organic ligands was also observed after the conversion reaction of the
corresponding transition metal-organic frameworks,!9%:193:196.198,199

In summary, Table 3 lists the known electrochemical reactions of various Li-containing
species. Similar to the formation/decomposition of electrolyte-derived surface layer, the
redox reactions of Li-containing species are generally considered to be facilitated by the
catalytic effects of metal nanoparticle. Thus, it can be inferred that governing the metal side
will affect the abnormal charge storage behavior. With the participation of Li-containing
species in redox reactions induced by the generation of metal nanoparticles during cell
operation, the theoretical capacity of electrode materials can be largely expanded. Given the
value of exceeding capacity of the anode through this mechanism, this prospect should be
further explored in follow-up research. Nonetheless, the experimental studies on the redox
reaction of Li-containing species available so far are usually focused on the 1* cycle behavior.

The reversible redox process of Li-containing species should be further confirmed for

extended cycling.
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Table 3. Brief summary of reactions of Li-containing species observed in various anode materials.

___ Starting materials _______________ Electrochemical reaction ____ _Ref
H,0 at RuO, surface LiOHSurfalce +2Li"+2e < Li;O + LiH 27
Li2CO; after LizCOs + (4 + 0.5%)Li" + (4 + 0.5%)¢
conversion reaction of 173,174

.SLiy =0,1,2)+3Li

CoCOs < 05Li,Co (x=0 )+ 3Li,O
Li,SO, after Li;SO4 + 6Li" + 6e- — S + 4Li,0 s
conversion reaction of CoSO4 S +2Li* + 2e" — Li,S

+Li +Lit+e . .
LiOH after Co + LiOH + Li" + ¢ <> CoxHy (nterfacial)
conversion reaction of aLiOH + 2aLi* + 2ae” <> aLi;O + oLiH (0 <a < 1) 92
CO(OH)2 COxHy (interfacial) T zLi" + ze & COxHy-z +zLiH (0 <z< y)

LiAc after conversion
reaction of LiAc + Li"+ e < CH3CHO + Li,O 60

CO(AC)0‘48(OH)1A52 . 0.55H20

Og-OLi Lio_ oL Lio Li oLi Lio_ oL
Enolate S s
_ oo fprmatiQn aturation
Metal-organic-frameworks Jprmatign 192,193,196,198,199
(MOFs)
~C~ ~C~
0’ SoLi LiO" Li OLi LiO OLi
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3.4. Li storage in defects and metallic cluster-like Li storage
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Figure 24. Unconventional extra Li storage mechanism in carbonaceous anode materials
(Reproduced with permission from Ref. xx, copyright (xxxx) Xxxxx)

There have been numerous reports that the practical capacity of certain modified
carbonaceous anode materials exceeds the theoretical value of 372 mAh g!.67208216
Different models based on microstructural effects have been proposed to explain the extra
capacity in those electrodes as displayed in Figure 24. In carbonaceous materials, it was

reported that the extra Li atoms could be accommodated in defects such as surface and pores,

or by forming metallic Li-rich phase. Some reports suggest that additional Li can be absorbed

217-219 216,220 In

at the surface and edge of graphite, or toward hydrogen-terminated edges.
disordered carbonaceous materials, Liu et al. proposed that Li can be adsorbed on both sides

of the randomly arranged single-layered sheets named as “house of cards”.®*?! In addition,

mechanisms that Li could be accommodated in microcavities were also suggested.?!!???
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Other reports proposed that multilayers of metal-like Li or Li> covalent molecules can be
stored between graphene sheets with significantly increased interslab distance, instead of
classical Li accommodation to form monolayers in cationic state.”?> However, it was also
reported that the Li storage capacity of single-layer graphene sheets is inferior to the graphite
due to the repulsion between the Li absorbed on both side of graphene sheets,??*??* and that

the reaction of Li with functional groups in carbonaceous materials is irreversible,??°

raising
issues on the feasibility and reversibility of those mechanisms.

Morphology-controlled nanomaterials generally exhibit enhanced cycle and rate
characteristics compared to bulk counterparts.’®*?’2? In addition, defect sites and pore
structures introduced when materials are tailored at the nanoscale can act as extra redox
centers, providing additional Li accommodation sites. The additional charge storage from
defects is commonly observed in intercalation electrode materials. Especially, reducing size
in nanoscale provide significantly enlarged electrolyte/electrode contact area where the
electrochemical reaction takes place, greatly improving the reaction kinetics and facilitating
the surface reaction.?% 237 As electrode materials are increasingly prepared at the nanoscale to
improve electrochemical performance, surface and grain boundaries become more prominent
compared to bulk counterparts. This effect can result in electrochemical properties that are
notably different.

As a classical example, bulk anatase TiO2 cannot be fully lithiated to LiTiO2 because the Li
ion diffusion is interrupted by the full occupation of the octahedral sites. However,
transformation to this same LiTiO2 phase could be possible in near the surface of TiO2 owing
to the short diffusion pathway.?*®?* As a result, TiO, synthesized at the smallest possible
sizes, where the surface contribution to the ensemble average of material is very large, is
converted to LiTiO2 while larger TiO> particles only show orthorhombic Li-osTiO; after full

lithiation (Figure 25(a)). As a result, the Li storage capability can be extended from ~0.5 to 1
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Figure 25. (a) Neutron diffraction patterns of full lithiated Li, TiO> for different particle sizes (b) Solubility
limits in anatase Li,TiO, where a, B, and y represent anatase, Li-titanate, and LiTiO; respectively. (c) Li
occupancy of the 8a (closed symbols) and 16¢ (open symbols) sublattices in spinel Lis+xTisO12. (d) Illustration
of the Li storage behavior in nanosized Li4Ti50,, with voltage profile (Reproduced with permission from Ref.
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in nanosized TiO; as described in Figure 25(b). Similar behavior was observed in LisTisO1o.
In the pristine state of microsized LisTisO12, all the tetrahedral 8a sites are completely filled
by Li, resulting in (Li3)sa[Li1Tis]164(O12)32¢ structure. Upon discharge to 0.01 V, Li ions are
inserted into the octahedral 16c site and Li ions in the tetrahedral 8a site of the pristine
Li4Ti5012 also moved to the octahedral 16c¢ site forming Li7TisO12 phase at full lithiation,
where the 16¢ sites are fully occupied ([Lis]iec[Li1Tis]i6d(O12)32¢) and the 8a sites remain
empty. The remaining 8a site become energetically unfavorable for accommodating Li ion
due to the short Li-Li distances of Li7TisO12 phase.?**>*! However, some nanosized LisTisO12
exhibited higher Li accommodation.?3%240-24224% The fractional Li occupation in 8a and 16¢
sites in LisTisO12 depending on particle size is shown in Figure 25(c).2*° It clearly shows that

the 8a sites were partially occupied in the fully discharged state in the case of the smallest
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particles, whereas only 16¢ sites were occupied in micron-sized LisTisO12. Due to the short
diffusion pathways, additional Li can be inserted in the energetically unfavorable 8a site only
at nanosized LisTisO12 where there are many more atoms in near-surface environments
compared to bulk materials. At deeper levels of lithiation, simultaneous Li occupation in both
8a and 16c¢ site will hinder diffusion pathway, and thus Li is inserted only to 16c¢ site. At the
nanoscale, however, additional Li can be stored in the 8a site after filling 16¢ site as the
surface contribution increases, exhibiting higher capacity as described in Figure 25(d).
Boundaries between crystalline grains, as depicted in Figure 26(a), can also offer sites for

unconventional Li storage. They act as channel for Li ions and atoms in the grain boundary
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Figure 26. (a) Sketch of nanostructured materials with crystalline grains and atoms in the grain
boundaries. (b) Voltage profiles of nanocrystalline SnMnsC electrode. (c) Changes in center shift for
grain boundary Mdssbauer absorption peak during the first cycle. (Reproduced with permission from
Ref. xx, copyright (xxxx) Xxxxx)
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can also react with them.>* SnMn3C offers an example of this reactivity. Although it is
known to be inactive toward Li, nanostructured SnMn3C that composed of small grains (~12
nm) delivered reversible capacity of ~150 mAh g! corresponding to 1.5 mol of Li insertion
as in Figure 26(b). The changes in center shift of the peak assigned to Sn existing at the grain
boundary at Mdssbauer absorption spectra during first cycle are shown in Figure 26(c). It
changed from ~2.5 mm s™' to lower value during discharge and changed in opposite direction
during subsequent charge, while the Sn at crystalline grains and surface contaminated SnOx
phase did not change during cycling. Thus, the in situ Mossbauer spectra results show that the
Li only reacted with Sn at grain boundaries, which could be reversibly delithiated.

Disordered phases also form an additional Li pathway to convert inactive sites into
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Figure 27. (a) The voltage profiles of c-MoO2 and a-MoO:2 during the first cycle. Variations of (b)
Fourier transform magnitude of EXAFS, (c) XANES spectra with lithiation. Changes in 6Li MAS NMR
data of (d) a-MoO2 and (e) c-MoO2 harvested at different points during cycling. (Reproduced with
permission from Ref. xx, copyright (XXXX) XXXXX)
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energetically favorable sites. Ku et al., proposed that the additional Li can be reversibly
stored at structural vacant sites in amorphous metal oxides.>*® As shown in Figure 27(a),
amorphous MoO; (a-Mo00O) accommodated much higher Li amount and the voltage profile
was quite different from that of crystalline MoO2 (c-Mo0Oz). The plateaus in the voltage
profile of a-MoO> are significantly diminished to give a rather sloping profile in the whole
potential range, indicating that the Li" storage sites are not discrete and electrochemically
nonequivalent in amorphous phases. Although the XAS experiments in Figure 27(b) and (c)
clearly demonstrated Mo metal phase in full discharged c-MoO:> electrode when operated at
85 °C, Fourier transform of extended X-ray absorption fine structure (EXAFS) spectra of
lithiated a-MoO; did not show the signal from metallic Mo although the oxidation state of
Mo was close to (but not perfectly) 0. The XAS results described that the conversion reaction
did not occur in a-MoQ> even if the reversible capacity was close to the theoretical value of
conversion reaction. They describe the high capacity in a-MoO; by Li accommodation at the
structural defects while the Mo*" ions act as redox center. There were numerous structural
defects to host such a large amount of Li ions in a-Mo0O>. As the defects are electrochemically
non-equivalent, the electrochemical result showed wide range of lithiation potential. The
different Li accommodation site in a-MoOz compared with c-MoO> can be identified by
magic angle spinning 'Li NMR spectra in Figure 27(d) and (e). While only a few discrete
sites existed in c-MoQO; represented by one sharp peak with some weaker ones, a single broad
peak appeared in a-MoO; demonstrating wide distribution of Li storage site. Similar to a-
MoQOz, amorphous V205 (a-V20s5) shows non-equilibrium (de)lithiation with a largely
featureless voltage profile, in contrast to crystalline materials (c-V20s) as shown in Figure
28(a).>*” In a-V20s, the relatively randomly arrangement of atoms is predicted to make a high
population of defects available, including vacancies or interstitial sites. The Li can

subsequently and reversibly be inserted into these sites without phase transitions, as
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illustrated in Figure 28(b). As a result, a-V20s exhibited better cycle performance and higher
reversible capacity compared to c-V20s, where an irreversible phase transition from layered

structure to rock-salt structure occurs and leads to failure.
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Figure 28. (a) Voltage profiles of crystalline and amorphous V205 and (b) Schematic representation of
structural changes upon cycling (Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)

As mentioned earlier, additional Li ions are gathered and form metallic cluster in cavities or
pores between graphene layers in some carbonaceous materials, as well as Li insertion
between graphene layers. Likewise, Shon et al. observed that extra Li storage occurred as a
form of metallic Li cluster during lithiation in ordered mesoporous MoQ>.>> Previously, it

was reported that ~1 mol equivalents of Li insertion reaction firstly occurs with reduction of
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Mo*" to Mo®" and then conversion reaction occurs to form metallic Mo and Li»0.2*?*° Thus,
theoretical capacity based on the above mechanism is ~838 mAh g corresponding to 4 mol
equivalents of Li reaction. However, mesoporous MoO; exhibited a huge capacity of 1,814
mAh g for the first discharge, more than twice of its theoretical value based on conversion
reaction. The reversible capacity of 1,308 mAh g during first charge also exceeded the
theoretical capacity. The origin of extra capacity was explained by using in situ synchrotron-
based analyses, TEM with electron energy loss spectroscopy (EELS) and computational
modeling. Although the Mo K-edge position shifted toward lower energy, the conversion
reaction products, metallic Mo phase and Li>O phase, were not observed in EXAFS and XRD
patterns during cycling. Figure 29(a) describes Li accommodation in mesoporous MoO>
based on DFT calculation. Up to reaction of 1.5 mol equivalents of Li, the insertion reaction
occurred with relatively small expansion of original monoclinic MoO; phase. Further Li
insertion results in phase separation of Li inserted monoclinic MoO> phase into the lithiated
crystalline MoO; phase and Li-rich amorphous phase. During the phase separation, additional

Li atoms go near the Li position of Li-rich amorphous phase. This near-neighbor Li site is
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more energetically favorable as a new position than a random position. With increasing depth
of Li layers, interatomic distances between Li atoms tend to decrease suggesting the
formation of Li metallic clusters. The HRTEM and EELS studies on the fully lithiated and
delithiated MoO- electrode supported the idea of metallic Li cluster storage. In the HRTEM
images in Figure 29(b), three regions can be observed; crystalline phase (Dcp), amorphous
phase (Dap) and SEI phase (Dsgkr). The EELS spectra of each region are shown in Figure
29(c). While the EELS at Dcp were assigned to LixMoQO», metallic Li phase was observed in
Dap, indicating existence of Li-rich region. The Li cluster storage mechanism of mesoporous

MoO: is summarized as in Figure 29(d).
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Figure 29. (a) Snapshots of the ordered mesoporous MoO: electrode with the increase of Li inserted,
calculated by DFT. (b) HRTEM image of the full discharged ordered mesoporous MoO2 demonstrating
the formation of three different phases: crystalline (Dcr), amorphous (Dar) and SEI region (Dsei), and
(c) EELS spectra taken from areas Dcp, Dap and Dsei. (d) Schematic diagram of reaction pathway and
the resulting products of ordered mesoporous MoO: with respect to the amount of Li ion inserted.
(Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)

60



3.5. Increasing Capacity upon Cycling, or “Negative Fading”
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Electrode materials in LIBs are generally subjected to chemical and mechanical degradation
that results in capacity fading during repeated cycling. Thorough understanding of the
underlying mechanisms and means to alleviate this aging process has been an important
target of research to predict the state of health of LIBs and extend their cycle life. To date,
capacity fading is known to occur for a variety of reasons, such as Li plating, growth of SEI
layer, transition metal dissolution, mechanical cracking and electrolyte depletion.?>%2°!
However, defying this convention, some electrode materials show an abnormal recovery in
specific capacity as cycling progresses, as shown in Figure 30 and Table 1.21:*°272%6 In some
cases, the capacity after repeated cycles even exceeds the reversible capacity in the first cycle.
Sun et al. described the uncommon capacity increase phenomenon as lithiation-induced
reactivation,?>’ Huang et al. designated it as capacity recovery,>® and most of other groups
expressed it as simply capacity increasing.**+3433:68 In this paper, we named overall capacity

increasing phenomenon as “negative fading”. Various explanations have been suggested to
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explain this phenomenon, yet it is still controversial. Based on previous reports, we can
classify the proposed reasons for negative fading into three main categories: i) enhanced
utilization of the conversion reaction, ii) optimization of electrolyte-derived surface layers,
and iii) changes in morphology.
i) Enhanced utilization of the conversion reaction

As described in 3.4, the (de)lithiation mechanism of bulk and nanomaterials can be quite
different. The dramatically increased charge transfer kinetics in nanomaterials enables new
reactions that were not possible in bulk materials, and the expanded surface area enables
inactive domains to participate in charge transfer.??2>22 Since the large particles undergo
pulverization during repeated cycling in a conversion mechanism, their domain size can be
reduced, leading to the creation of new electrochemically active sites, which, in turn,

increases the specific capacity.
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Figure 31. EELS spectra of Fe-L2,3 edges of pristine y-Fe203@CNTs and cycled samples (upper)
and white line intensity ratio (Ls/L2) and corresponding average oxidation sate of Fe (lower).
(Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)
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Lv et al. clearly demonstrated the reactivation of Fe nanoparticles after cycling of
maghemite (y-Fe>Os) nanoparticles deposited on CNTs.?® The reversible capacity of the
v-Fe2O3@CNT composite decreased during the initial few cycles from an incomplete
conversion reaction (Fe;O3 + 6Li" + 6¢” <> 2Fe + 3Lix0), seemingly due to the poor
conductivity of Fe2O3. However, it gradually increased as the cycling continued. The origin
of the unconventional cycle performance was unveiled by EELS. Based on the Fe-L»3 edge
spectra in Figure 31, the oxidation states of Fe were calculated for pristine and charged
electrodes after the 1%, 20, 50™ cycle, using both the ratio of Ls/L,-edge white line intensity
and the absolute energy position. Compared to the sample before cycling, the white line ratio
(L3/L2) decreased from 5.0 to 4.3 after the first cycle, representing a decrease in oxidation
state of Fe from Fe** to Fe?'. Then, the white line ratio gradually increased to 4.6 and 4.8
after the 20 and 50™ cycle, which implies that the amount of Fe** gradually increased
toward that of the initial Fe>Os after 50™ cycles. Thus, it was confirmed that the decrease of
reversible capacity of this Fe>O3; anode material after the first cycle is related to inefficient
utilization of the complete redox transition of Fe, and the negative fading can be described by
the re-activation of Fe to the efficient reconstitution of Fe**.

In some cases, the reversible capacity upon cycling even surpasses the capacity at the initial
step.?®*2® Chu et al. observed much enhanced utilization after repeated cycles in
MnO@Mn304/N-doped porous carbon composites electrodes.’®* Using electrochemical
analysis, they confirmed that the oxidation state of Mn was as high as 3+ or 4+ after repeated
cycling, compared to ~2+ in the pristine state. As a result of the increase in oxidation state,
higher capacity was produced after cycling. Jiang et al. found that the reversible capacity of
Mn304@C composite electrodes increased during the first 100 cycles, coinciding with the
onset of a new anodic process at 2.1 V which was not observed in the first cycle.?® The new

anodic peak indicates the oxidation of the Mn compound to a higher valence state. After 500™
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cycles, it was observed to be activated to Mn>* through XPS. It is worth noting that it is not
clear how this increase of cationic charge is compensated, and how the necessary anions are
generated during cycling. These questions should be the object of further research.

As the capacity increases were linked to the extent of changes in electronic states compared
to the initial state, it is also worthwhile to understand the accompanying changes in crystal
and local structure. Um et al. systematically analyzed the negative fading of Fe-based
materials, a series of Sn doped ferrite/rGO composites (Fe;xSnxO4/rGO) where the Sn*" is
totally incorporated into the Fe;Os (Fe?*, Fe**) structure.** As shown in Figure 32(a), the
negative fading phenomenon in the initial 50 cycles was found to be proportional to the Sn
content. This observation was explained by the larger volume expansion of Sn than Fe3Oa4,
inducing morphological reorganization and thereby increasing the opportunities to generate

new contacts between the reduced metal and Li>O. For the latter 50 cycles, rapid capacity
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Figure 32. (a) Cycle performance of Fes-xSnxO4/rGO composites and the Fe276Sno.2404 composite
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degradation occurred in Fe264Sn03604/rGO with the highest Sn content, implying both the
destructive effect of pulverization from the high-capacity alloy and the beneficial effect of
structural rearrangement by Sn substitution. Surprisingly, the observed oxidation state of Fe**
after 100 cycles was higher than in the pristine state, Fe*3*. The structural insight into the Fe
environment from EXAFS spectra in Figure 31(b) demonstrated that the initial magnetite
phase in the Fez76Sn2404/rGO composite is transformed into y-FeOOH upon extensive
cycling. Simultaneously, the complete oxidation to SnO; after 100 cycles was confirmed by
the Sn K-edge XANES spectra in Figure 31(c) although the oxidation state of Sn after the
first cycle was lower than that. In addition, the authors suggested that formation and
decomposition of the electrolyte-derived surface layer also contributed to some portion of
increased capacity upon cycling. Thus, the negative fading phenomenon of Sn doped ferrite
composite, Fez76Sn02404/rGO, can be explained by the complete utilization of conversion
reaction of Sn into SnO> upon cycling along with the enhanced contribution of electrolyte-
derived surface layer formation reaction. Overall, the electrochemical storage reaction after
100 cycles was described as y-FeOOH + SnO> + (7+z)Li <> Fe + Li,Sn + LiOH + 3Li;0.
Besides the recovered reversibility of conversion reaction of Sn into SnO2 upon cycling, this
work suggests a cycle-dependent mechanism in iron-based composites evolving from the
conventionally expected formation of iron oxide in early cycles to a novel reaction involving
iron oxyhydroxide upon extensive cycling, based on the reactivity of metal nanoparticles
formed, during conversion, toward the SEI layer.

ii) Optimization of electrolyte-derived surface layers

The pulverization undergone by electrode materials during electrochemical cycling leads
to an increase in specific surface area. Since the formation of the electrolyte-derived
surface layer is enhanced by the catalytic contribution of metal nanoparticles formed upon

a conversion reaction, as previously mentioned in 3.1, increasing the contact area between
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electrolyte and active materials during cycling as a result of microstructural formatting
could facilitate its growth, thus resulting in increased capacity.

Li et al. synthesized FeoO3 with a 3D structure and investigated the cause of negative fading
during the cycling.'*! The initial discharge and charge capacities were 1176.6 and 891.8 mAh
gl at 0.2 C between 0.02-3.0 V, respectively. After the first cycle, the capacity gradually
decreased up to the 10" cycle, and subsequently increased again. At the 100" cycle, a high
capacity of 1105.6 mAh g! was delivered. In order to investigate the cause of this increase,
the difference in capacities between the 10" and 100™ cycle and the derivative of the
electrochemical profiles versus voltage is provided in Figure 33(a). It clearly shows that the
negative fading resulted from enhancement in capacity at low potential, which they suggested
was delivered from growth of the electrolyte-derived surface layer resulting from an increase
in surface area as the electrode was pulverized into nanoparticles during cycling. EIS data
collected at various voltages during the 2™ and 100" discharge, in Figure 33(b) and (c),

shows the evolution of a single broad semicircle into two semicircles. The second semicircle
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is attributed to the growth of a surface layer, whose contribution to the total resistance is very
low in the 2™ cycle, demonstrating the higher contribution of growth of surface layer in the
100" cycle. Considering all these observations, they concluded that only a small amount of
activation of the bulk conversion reaction of Fe2O3 contributed to the capacity increment.
Similarly, Tang et al. observed a capacity increase in FeoO3 nanoparticles after cycling and
ascribed it to the growth of a surface layer using electroanalysis.’® As displayed in Figure
34(a), the specific capacity in same current density increased after 45 cycles. A derivative
plot of the electrochemical profile at current density of 200 and 1000 mA g™ in Figure 34(b)
indicates that the extra capacity at low potential was substantially increased in both cases,
suggesting higher contribution of electrolyte-derived surface layer formation reaction due to
enlarged electrolyte contact area during cycling. Lastly, Li et al, showed growth of surface
layer in CuzSe by observing changes in the EIS upon electrochemical cycling, which is

correlated with the capacity increase in the anode.?®’
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Figure 34. (a) Rate performance of y-Fe2Os nanoparticle electrodes. (b) dQ/dV plot of selected
cycles at 200 and 1000 mA g'. (Reproduced with permission from Ref. xx, copyright (xxxx) XXxxx)

ii1) Changes in morphology

When mechanical stress is applied due to rapid volume expansion during lithiation under
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high current, internal gradients can result in fracture that changes porosity in the active
materials and/or increases the surface area, both of which enhance reaction kinetics through
transport, and, subsequently, the specific capacity. This morphology evolution during high
rate cycling is referred to as a reactivation of the electrochemical reaction induced by high-
rate lithiation, resulting in capacity increment.?%’

Sun et al. investigated the structural evolution of hollow mesoporous Co3O4 during high-
rate cycling.?’” The reactivation followed the procedure as displayed in Figure 35(a), and the
corresponding changes in specific capacity are shown in Figure 35(b). Initially, the reversible
capacities decreased from ~827 mAh g at the 2" cycle to ~246 mAh g! at the 90™ cycle.
The scanning electron microscope (SEM) images of the electrode after 90 cycles shows the
growth of surface layers with ~50 nm thickness as well as cracking and pore coalescing of
hollow particles, which resulted in severe capacity degradation. During prolonged cycle, the
capacity gradually increased and stabilized at ~927 mAh g! after 850 cycles. After 850
cycles, only a thin surface layer existed, and the pore size became bigger. The morphological
evolution was proposed to be stemmed from the Kirkendall effect due to different diffusion
rates in metallic Co and Li2O. During lithiation, the formation of the Co/Li2O nanocomposite
involves a large volume expansion, and despite contraction during charge, the volume is still
larger than in the initial spheres owing to slower diffusion kinetics in Li2O phase. The
enlarged particles generate free volume inside the materials and form larger pores and
morphological re-organization, in this case, in the form of interconnected flower-like
nanosheets, which could act as a robust structure to enhance kinetics, resulting in reactivation

and, thus, negative fading.
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Figure 35. (a) Schematic diagram of evolution of mesoporous hollow spheres and surface layer
formation upon long-term cycling. (b) Cycling performance showing reactivation induced by high-rate
lithiation. (Reproduced with permission from Ref. xx, copyright (xxxx) xxxxx)

Similar morphological changes induced by lithiation at high rate were observed in double
carbon layer-coated SnO> hollow spheres.?®® Under a high current density of 5 A g’!, drastic
capacity degradation occurs until initial 200 cycles, followed by notable recovery during
further cycling. After 500 cycles, the initial hollow spheres split into hemispheres due to the
high mechanical stress built during repeated volume changes and local gradients induced by
high-rate cycling. The new hemispheres were proposed to expose the inner surface to the
electrolyte, leading to enhanced performance. Zhang et al. suggested that the structural
evolution in porous Co3V20g nanosheets provides additional sites for interfacial reaction. As
cycling proceeded, the nanosheets exfoliated into ultrathin layers with cracks and tiny pores,
significantly enhancing the surface area.>®

In the case of FeMoO4 nanorods, changes in chemical composition induced an evolution
of the morphology.?’® Testing of the cycling performance in Figure 36(a) shows that the
initially high reversible capacities of ~1134 mAh g™ decreased to ~451 mAh g! after 50
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cycles, and then increased gradually to reach ~1265 mAh g at the 500™ cycle, which is
even higher than the initial value. The morphological changes in FeMoO4 during cycling
were investigated by HRTEM, in Figure 36(b)—(i), and schematically described in Figure
36(j). After the first cycle, the morphology did not change significantly but the crystallinity
was reduced, with formation of discrete Fe;O3 and MoO3 domains. Then, after 50 cycles,
the surface was fragmented and a thick surface layer grew, explaining the capacity
degradation. The portion of the porous and amorphous phase located at the surface became
larger upon extensive cycling and the striking rearrangement led to a complete conversion
from nanorod structures to porous nanosheets after 1000 cycles. The amorphous

nanosheets contained domains of ~5 nm, providing more active sites and improved kinetic
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properties, providing a pathway for the capacity increase.
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4. STRATEGIES FOR EFFECTIVELY UTILIZING ABNORMAL

CHARGE STORAGE
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Figure 37. Proposed useful approaches to improve electrochemical performance of anode
materials with high contribution of additional Li storage reaction. (Reproduced with permission from
Ref. xx, copyright (Xxxxx) Xxxxx)

Tapping into the additional mechanisms of charge storage discovered so far would be an
effective way to increase the energy density of the corresponding batteries and to accelerate
the advances toward next-generation devices, as well as to develop new electrode materials.
To date, it is accepted that the morphological features and catalytic properties of the active
materials play a crucial role in enabling unconventional extra charge storage, which could
maximize the electrochemical performance. Additionally, the introduction of carbonaceous
materials in electrode materials usually generates beneficial outcomes such as enhanced
conductivity and additional interfacial charge storage. A series of strategies can be envisioned

along these parameters, as summarized in Figure 37.

i. Structure engineering
Structural architectures having high specific surface area, developed porosity, and

interconnected pore systems often exhibit additional charge storage as described in section
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3.4. Thus, substantial efforts have been devoted to designing architectures with these unique
attributes. In addition to the Li accommodation in defects, the structural engineering can also
facilitate other abnormal Li storage mechanisms. The design features explored in the

159,238-240,260,271-277

literature of this topic can be categorized as nanosizing, introduction of

57,95,159,265 160,278-281

mesoporosity, and introduction of tailored defects.

As nanoscience and nanotechnology develop, numerous researches have been conducted to
fabricate electrode materials at the nanoscale in order to improve electrochemical
performance.®>¢7:68:282-285 Reducing the size of electrode materials to the nanoscale can not
only deliver the electrical energy rapidly, but also redefine the theoretical limit of
electrochemical storage. For TiO., the striking impact of particle size on Li solubility was
described in 3.4.23% In SnO., the theoretical reversible capacity was previously calculated to
be 783 mAh g! based on the reversible alloying reaction between Sn and Li, and the
conversion reaction of SnO» into Sn was considered as irreversible.?2%® However, later
studies have demonstrated that the oxidation of Sn with Li;O is possible in SnO> anodes
under certain conditions, leading to the partially reversible conversion to form SnOy.?8%2% It
was speculated that if the Sn particle size was controlled at 5 nm and the thickness of the
diffusion layer between Sn metal and LiO was assumed to be 2 nm, a volume fraction as
high as 99.2% could be re-oxidized during delithiation, possibly enabling the almost
complete conversion back into Sn0O».>”” By unlocking previously considered as unfeasible

reactions, the maximum theoretical capacities of TiO. and SnO: electrodes have been

extended from 168 to 335 mAh g! and from 782 to 1494 mAh g’!, respectively.

Nanosizing also affects other abnormal charge storage behaviors. As described in 3.5,
reducing the size of electrode materials through pulverization induced electrochemical

cycling could lead to negative fading from the enhanced contribution of reactions involving
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the electrolyte-derived surface layer.%®!4127 Cheng et al. observed that the higher capacity in
nanosized NiO is originated from larger contribution of the reaction of electrolyte-derived
surface layer as well as the redox reaction of NiO.?’! In addition, interfacial charge storage

2,147:150 and reaction of LiOH at surface?” and with Co clusters®? in section 3.3

described in 3
could be also correlated with the grain sizes. Accordingly, it seems that smaller sizes are
advantageous in unconventional rechargeable Li chemistries. However, the capacity retention
is also an important issue that should be addressed in nanosized electrode materials. After
high Li accommodation in TiO2, some of inserted Li is trapped in the crystal structure,
leading to irreversible capacity loss.??>2* In the SnO> film composed of 9.5 nm nanocrystals,
although re-oxidation of Sn was reported up to 95.5% of coulombic efficiency, this desirable

277 with the contribution of the additional

performance was limited to only the first cycle,
reaction decreasing, and, thus, leading to capacity fading, due to the aggregation of particles
during cycling.?*>?¢ Indeed, Huie et al. suggested that small particles tend to aggregate and
form denser and tightly packed agglomerates, limiting the growth of electrolyte-derived
surface layer as well as leading to higher polarization.”®” These observations lead to the
conclusion that controlling the particle size is clearly a major factor for the initial Li uptake,

but for stable capacity retention, it should be also integrated with additional designs such as

morphology control and carbon coating.

In 1992, Kresge et al. first reported the synthesis of ordered mesoporous inorganic solids
with regular arrays of uniform channels in dimensions of 1.6 to 10 nm, which has triggered
tremendous research effort.>”® Especially in the field of energy conversion and storage, this
mesoporous structure has attracted much attention due to the high resulting specific surface
areas and the large portion of exposed active sites, which is known to be beneficial for

electrochemical reactions. Ordered mesoporous RuO> delivered 1366 mAh g™ during the first
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cycle compared to 1060 mAh g in the commercially available bulk RuO,. The enhanced
capacity was ascribed to the enhanced interfacial charge storage between nanosized Ru metal
and Li,O, owing to the mesoscopic structural effects such as high surface area, easy electron
transport, and small particle domain.>’ In addition, mesoporous MoO, was reported to enable
unconventional Li storage.”® It was the first demonstration of two different mechanisms
composed of intercalation and metallic Li storage being concurrent in a metal oxide.
Therefore, it can be inferred that the mesoporous structure of metal oxide exhibits unexpected
electrochemical charge storage beyond a simple conventional conversion reaction owing to
the nanoscale pore engineering. For mesoporous SnO,, a uniform pore structure not only
relieves the severe volume changes during discharge and charge but also weakens the Sn-O
bond strength, which facilitates a reversible conversion reaction in addition to the
conventionally observed alloying reaction.’”® In short, engineered nanostructures with
mesoporous networks could enable the realization of high-performance metal oxide anodes,
by providing a source of additional Li accumulation.

The introduction of oxygen vacancies into metal oxides could be an effective way to
modulate the intrinsic electrochemical properties of the metal oxides. The existence of
oxygen vacancies effectively changes the electronic structure of the metal oxides and can
reduce the energy requirement for electron transport and ion diffusion, which is beneficial to
improve the electrochemical performances of the metal oxides.!®**%028! For this reason, a
large number of efforts have been devoted to the synthesis of electrode material with oxygen
vacancies for enhanced electrochemical performance in LIBs.?32278281.29303 Iny addition,
amorphous structures could provide additional Li storage site by altering the energetic
landscape of available sites, including new vacancies, in amorphous MoOz, FeMoO4 and
V205 electrodes as mentioned in 3.4.246247 270 In carbonaceous materials, reversible extra

capacity can be also achieved by utilizing defects such as surface and pores, or by forming
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Li-rich clusters.®7?!1216-223 Thys, it is reasonable to believe that structural defects can lead to
the more Li storage, along with the superior rate capability from higher Li diffusivity.
ii. Catalyst design

In contrast to the traditional view that the surface film generated by -electrolyte
decomposition is quite inert during cell operation, the decomposition of electrolyte-derived
surface layer was empirically observed in many researches and considered to be originated
from the catalytic effects of metal nanoparticles. The metal nanoparticles formed upon
electrochemical conversion reactions are exposed to, and, thus, can react with some

components of the electrolyte-derived surface layer.’%!1?®

Consequently, intentionally
embedding metal nanoparticles, which do not react with Li, in a carbon matrix significantly
increases the reversible capacity from the additional contribution of electrolyte-derived
surface layer formation.'?%3% In addition, the metal nanoparticle could facilitate the reaction
of carbon in Li>COj3 formed after conversion reaction of metal carbonate compounds.'26-173:18!
Here, the activity and reversibility of these reactions could be highly affected by the catalytic
properties of each specific transition metal. In this aspect, one effective design to enhance
catalytic activity in those reactions is to prepare atomically distributed binary metal
compounds. With the complementary influences balancing the conductivity and stability
between different kind of metals, the catalytic property of bimetallic nanoparticles could be
improved compared to single transition metals, and exhibit better electrochemical
performance, as empirically observed in the cases of MnyxCoyCOs;, CoxFeyCOs3,
CoxNiy(OH),. 86305307

The conversion reaction of SnO; is generally considered to be only partially reversible. To
overcome the incomplete reversible conversion reaction in many other electrodes, various

metal catalysts such as Co, Fe, Cu, Ni, and Ge are added to attain the complete re-oxidation

of metal nanoparticles with decomposing Li>O.*®73!" The addition of metal catalysts
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correlates with a high and stable contribution of the reversible conversion reaction of SnO>
and GeO», which were previously considered irreversible. As a relevant example discussed
above, recovered capacity upon cycling involving the complete re-oxidation into SnO> was

demonstrated in the Sn-doped ferrite (Fe3-xSnxOs) electrode.** Thus, compared to bare

materials, the electrochemical performance of electrode materials with embedded metal
catalysts, including cycle life, reversible capacity and coulombic efficiency, were
significantly improved. The utilization of conversion reaction upon delithiation was also
observed after repeated cycling in many iron and manganese oxides electrodes showing
negative fading as introduced in 3.5.26372%6 Additionally, the research presents not only the
recovered partial re-oxidation but also the phase transformation of conversion reaction-based
host structure upon extended cycling, suggesting a variable working mechanism in the iron-
based composite with the dynamic phases from iron oxide to iron oxyhydroxide in cycle life.
These results constitute a notable body of knowledge that the catalytic effect of metal
nanoparticles toward the surface layer could have dramatically beneficial effects in multiple

ways upon repeated cycling.
iii. Carbon-assisted composites

The introduction of enormous amounts of Li in high-capacity anode materials inherently
leads to large volume changes, causing pulverization of active materials, which, when
uncontrolled, can lead to loss of electrical contact, eventually resulting in a poor capacity

retention.!>!® In addition to fabricating electrode materials at the nanoscale and deliberately

312-316

introducing void spaces , substantial efforts have been devoted to addressing these

volume changes by nanocompositing with carbonaceous materials, which enhance both

249,317-319

structural stability and electrical conductivity. The carbon-assisted design

additionally provides new Li storage sites that improve the specific capacity of the
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electrodes. 62164165167 Aside from the benefit of carbonaceous materials that accommodate Li
in pores and cavities, some authors posit that extra Li storage could also occur in the defects

inherent to metal oxide/carbon composites,32*-3!

such as storage via an electrostatic charge
separation at both sides of the new interfaces where carbon serves as an electron acceptor.
Based on first-principles calculations, interfacial oxygen atoms in TiO2/C interfaces have an
important contribution to charge storage, providing considerable additional capacity.'®
Similar effects have been proposed for Li»S/C interfaces formed during cycling of MoS»/C
composites.’??32 It is generally accepted that the design of composites of electrode materials
with graphene (or rGO) can derive benefits from complementary features, such as preventing
nanoparticle agglomeration and hindering restacking of separated graphene sheets by
anchored nanoparticles, through the intimate bonds between graphene sheets and

nanoparticles mediated by 0,326

which also facilitates rapid electron transport and
enhanced ion diffusion.?*#26733% Considering this possible additional charge storage behavior
together with the stable and conductive matrices resulting from carbon-assisted composites, it

is clear that this strategy should be very effective to realize high-performance electrode

materials for next-generation batteries.
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5. SUMMARY AND PERSPECTIVES

The explosion of methods of materials synthesis and assembly has led to a large diversity of
designs of structure and chemistry of electrode materials for LIBs. Some of these highly
tailored materials exhibit exceptionally high reversible capacity surpassing the theoretical
value expected based on conventional Li storage mechanisms of insertion, alloying and
conversion reactions. These unconventional observations call for a comprehensive and new
perspective to understand such exceptional electrochemical charge storage behaviors. In this
review, we have provided detailed insight into the origin of this additional storage capability
including basic concepts, experimental evidences and some key issues remaining with our
understanding of the proposed mechanisms. The most widely accepted explanation is the
reversible formation/decomposition of electrolyte-derived surface layers. About half of the
recent literature demonstrating extra capacity identified this mechanism as the origin of the
behavior.”® However, the information on the specific components that reversibly contribute to
additional Li storage is still incomplete, even controversial. Since this reaction is highly
affected by cell operating conditions such as the specific electrolyte, particle morphology and
current densities, optimal conditions to fully leverage the novel reactivity are not yet apparent.
Mechanisms of interfacial charge storage have also been considered as the reason for extra
capacity. However, several reports suggest that this mechanism cannot account for the large
capacities that are often measured. Lastly, there is emerging evidence that Li-containing
species and structural defects, which were conventionally considered as electrochemically
Inactive, can accommodate Li in a manner distinct from the bulk of the material.

Another abnormal behavior associated with highly tailored nanomaterials is the increase in
capacity upon cycling, termed here as negative fading. This behavior originates from changes

in the electrode environment and architecture induced by the electrochemical reaction. Since
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the negative fading is highly influenced by the electrode design and the catalytic activity of
metals generated upon cycling, there is significant room to further exploit this capability
through specially designed morphological features and optimization of catalytic activity by
the metal. In this respect, the fabrication of composites with carbon has already demonstrated
promise as an effective approach, as it can maximize electrolyte contact area and prohibit
agglomeration of metal nanoparticles, which would reduce their catalytic power. Such
strategy also brings about other potential enhancements driven by the fact that the
carbonaceous materials can act as electron acceptor in a hypothetical interfacial charge
storage mechanism and improve reaction kinetics.

These mechanisms open the door for a re-thinking of the rules of design of materials with
high electrode performance, to generate vertical improvements. Based on the comprehensive
understanding of abnormal Li storage behaviors and the new perspectives analyzed by this
review, there are significant chances that the actual limits of the capacity beyond the
theoretical values of bulk reactions will be probed and accomplished in the near future,
through further breakthroughs in our ability to design materials in a way that strategically
controls the associated electrochemical reactions. It is clear that the strategic utilization of
anomalous charge storage can lead us to a solid pathway for fostering innovations in modern

battery technologies.
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AFM atomic force microscopy

AIMD ab initio molecular dynamics

CNT carbon nanotube

Cv cyclic voltammetry

DFT density functional theory

EELS electron energy loss spectroscopy

EIS electrochemical impedance spectroscopy
EXAFS extended X-ray absorption fine structure
FTIR Fourier transform infrared spectroscopy
GITT galvanostatic intermittent titration technique
HRTEM high-resolution transmission electron microscopy
IR infrared

IRRAS infrared reflection absorption spectroscopy
LIB lithium ion battery

MOF metal organic framework

NMR nuclear magnetic resonance

PDF pair distribution function

PGF polymeric/gel-like film

RDF radial distribution function

rGO reduced graphene oxide

SAED selected area electron diffraction
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SEM
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Soft-XAS
TEM
TEY
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TG-MS
XANES
XAS
XPS
XRD

solid electrolyte interphase

scanning electron microscope
secondary ion mass spectrometry
soft X-ray absorption spectroscopy
transmission electron microscopy
total electron yield

total fluorescence yield
thermogravimetry and mass spectrometry
X-ray absorption near edge structure
X-ray absorption spectroscopy
X-ray photoelectron spectroscopy
X-ray diffraction
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